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Abstract 
 
The research work presented herein focused on the synthesis, and self-
assembly in aqueous environments, of a library of novel amphiphilic BAB and 
AB block copolymers incorporating the hydrophilic block poly(ethylene 
glycol) (PEG) and hydrophobic block poly(Nα-Boc-L-tryptophan) 
(PBocLTrp). The block copolymers are the first of their kind to incorporate the 
homopolymer of Boc-protected tryptophan and have been designed for future 
use as drug delivery vehicles. 
BAB type copolymers Poly(Nα-Boc-L-tryptophan)-block-
poly(ethylene glycol)-block-poly(Nα-Boc-L-tryptophan) (PBocLTrp-b-PEG-b-
PBocLTrp) and AB type copolymers poly(ethylene glycol)-block-poly(Nα-
Boc-L-tryptophan) (PEG-b-PBocLTrp) were synthesised through the ring 
opening polymerisation of Nα-Boc-L-tryptophan Nα-carboxy anhydride as 
initiated by amino terminated PEG. Three series of copolymers were thus 
prepared. The first series was made up of four BAB type copolymers with PEG 
Mn 3,350, to the second belonged four AB type copolymers with PEG Mn 
2,000 and the third series consisted of three AB type block copolymers with 
PEG 5,000. The three molecular weight of PEG were chosen in an effort to 
probe the effect of hydrophilic block length on self-assembly. The 
hydrophobic PBocLTrp lengths were varied for each of the three series of 
copolymers in order to assess the influence of hydrophobic block over self-
assembly as well as its influence over the resulting secondary structure. 
For all seven block copolymers investigated spherical micelles were the 
favoured morphology, with the exception of the largest BAB copolymer where 
interconnected networks of spherical micelles were observed. For all 
copolymers an increase in hydrophobic block length led to an increase in 
hydrodynamic size of aggregates in solution, as well as a decrease in critical 
micelle concentration (CMC). Amongst the classical secondary structures 
observed for the seven copolymers, the presence of poly-L-proline II (PPII) 
xvii 
 
was identified in some copolymers with high percentages, close to 100%, 
being observed for three AB type copolymers.  
The present study demonstrated that novel BAB and AB type 
copolymers incorporating PEG and PBocLTrp self-assemble in aqueous milieu 
to give spherical micelles. The copolymers also possess low CMC values and 
secondary structure characteristics which can lead to greater stability following 
drug incorporation.
1 
 
Chapter One_______________________________ 
 
1. Introduction 
 
1.1 Thesis Overview 
 
 This thesis consists of seven chapters. Chapter 1 provides an 
introduction to the work presented, as well as a background on block 
copolymers for biomedical application, concentrating on biopolymers for drug 
delivery. Polymer architecture as well as the various methods for polymer 
synthesis are introduced in this chapter, along with peptide structure and its 
significance to the self-assembly of block copolymers. The influences of 
hydrophobic and hydrophilic block type and length influence on self-assembly, 
drug loading and the overall stability of the drug vehicle is also discussed in 
Chapter 1. 
 In Chapter 2 the synthesis and characterisation of a series of four BAB 
and seven AB copolymers with varying molecular weights is presented. The 
synthesis was achieved through the ring opening polymerisation of Nα-Boc-L-
tryptophan Nα-carboxy anhydride as initiated by amino terminated PEG. 
Structures were confirmed through a combination of NMR, ATR and GPC. 
The influence of temperature, solvent, reagent concentration, time allowed for 
synthesis as well as feed ratios over chain extension is addressed at length to 
achieve control over resulting molecular weights. 
 The self-assembly of BAB block copolymers in aqueous milieu is 
presented in Chapter 3 whereas the self-assembly of AB type copolymers is 
covered in Chapter 4. A combination of fluorescence spectroscopy, DLS and 
TEM techniques were applied to investigate the behaviour of copolymers in 
solution and their resulting morphologies. The secondary structure of the 
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aggregates was probed by CD at concentrations above CMC. The influence of 
hydrophobic block length over self-assembly was also discussed in terms of 
CMC and size of aggregates achieved. 
 In Chapter 5 the main conclusions of this study are given along with 
recommendations for future work. Experimental procedures for this project are 
presented in Chapter 6 inclusive of a description of the Schlenk method 
technique and a diagram of the apparatus. Lists of NMR shifts are also 
provided along with reagent masses used for the synthesis of individual 
copolymers. 
 
1.2 The “Magic Bullet” approach 
 
In 1906 Paul Ehrlich introduced an idealistic drug delivery approach 
which saw drugs being delivered to target with in a sustained manner with 
minimal impact on healthy tissues and cells. Since then a myriad of research 
groups have joined the race to find the “Magic Bullet”. The concept of targeted 
drug delivery as determined by the specific affinity for certain organs or tissues 
has been one of great interest not only for the improvement of efficacy of 
drugs but also for the reduction of their side effects. In 1964 the idea of 
controlled drug delivery was introduced by Folkman and Long when the pair 
demonstrated that low molecular weight hydrophobic drug molecules can 
diffuse through silicone tubing at a controlled rate [1].  
Therefore Folkman and Long were the first to demonstrate the 
possibility of controlled drug delivery and since the application of polymers 
for the purpose has been sought after due to their biocompatibility, 
biodegradability and reproducibility [2].  In addition to these properties the 
ability of amphiphilic polymers to self-assemble in aqueous environments and 
form particles with the ability to trap drug particles within their cores [3] has 
made their application all the more sought after. Much progress has since been 
made in synthesising polymers that exhibit low cytotoxicity and that are 
biodegradable and biocompatible, for the manufacture of sustained release 
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systems in the form of tablets, microspheres, films or implantation devices that 
deliver a controlled therapeutic dosage [2]. 
 Biocompatibility and biodegradability are of utmost importance in the 
development of polymers for drug delivery applications. Biocompatibility 
refers to both the cytotoxicity as well as the cytocompatibility thus relating to 
the ability of the polymer to exist within the human body without showing 
toxicity towards cells or eliciting an immune system response [4]. 
Biodegradability refers to the ability of the polymer to be broken down into 
innocuous particles by natural processes [5]. In the human body such processes 
could be pH changes or enzymatic degradation.  In addition to degradation pH 
changes can also be used for the delivery of the drug payload and this will be 
discussed in a later section. 
To date a number of polymers have been successfully used in the 
incorporation and delivery of drugs and genes. Examples include the 
successful loading of anti-cancer drugs such as Paclitaxel into micelles of 
poly(ethylene glycol)/poly(ɛ-caprolactone) (PEG-b-PCL) [6] and 
monomethoxy-poly(ethylene glycol) /poly lactide (MPEG/PLA) [7] and 
Doxorubicin into Poly(L-histidine)/PEG ((polyHis)/PEG) and poly(L-
lactide)/PEG (PLLA/PEG) [8]. Plasmid DNA has also been successfully 
incorporated into micelles of α-Lactosyl-poly(ethylene glycol)-poly(2-
(dimethylamino)ethyl methacrylate) block copolymer (lactose-PEG-PAMA) [9] 
and PEG- conjugated polyethylenimine (PEG−PEI) [10-12] whilst 
phosphorothioate oligonucleotide has also been incorporated into copolymer 
micelles of PEG−PEI [13]. 
Despite much advancement in the area of drug delivery the search for 
the true ‘Magic Bullet’ is still continuing with a variety of natural and 
synthetic polymers being investigated for application as well as different 
polymer architectures. 
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 1.3 Polymer Architecture 
 
Based on the arrangement of the repeating monomer units along the 
chain, polymers are classified into three main categories: linear polymers, 
branched polymers and cross linked polymers. Each of these classes is made 
up of several sub classes.  
i. Linear Polymers  
Linear polymers (Figure 1.1 a) can be defined as homopolymers, where 
only one monomer species is present and it repeats several times, or 
copolymers where two or more monomer species are present. There are six 
main types of linear copolymers: alternating, random, AB-type, BAB-type, 
ABA-type and ABC-type copolymers. 
Alternating copolymers are made up of two monomer species 
alternating along the chain, whereas random copolymers are made up of two 
monomer species repeating, as their name suggests, in a random fashion. 
Diblock copolymers, also known as AB block copolymers, consist of 
two different homopolymer subunits linked together. Triblock copolymers are 
made up of three units and can be of the ABA, BAB as well as ABC type as 
determined by the number and arrangement of constituent subunits. In the case 
of AB, ABA and BAB copolymers A denotes the hydrophilic block whilst B 
denotes the hydrophobic component. 
 
ii. Branched Polymers  
The simplest branched polymers (Figure 1.1 b) are known as 
hyperbranched polymers and like homopolymers they too are made up of a 
single type of repeating monomer unit.  
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Star polymers and copolymers are defined by polymer arms branching 
out from one central point, in contrast to graft copolymers which are formed by 
polymer branching from a central polymer backbone. 
Much like a star polymer, a dendrimer starts from a central point, each 
arm of the dendrimer then branching off creating a roughly spherical moiety 
with a symmetrical core. Block dendrimers and dendri-graft copolymers are 
combinations of dendrimers with block or graft copolymers respectively. 
 
iii. Crosslinked polymers  
The polymers placed in this final class form either polymer networks, 
interpenetrating polymer networks or semi-interpenetrating polymer networks 
(Figure 1.1 c). Polymer networks are formed by ramified polymer molecules 
linked to each other at specific points other than the ends of the chains. 
Interpenetrating networks form when two or more networks interpenetrate, 
without covalently bonding, in such a way that in order to separate them 
covalent bonds within the polymer chains would need to be. Conversely when 
one or more polymer networks are interpenetrated with one or more linear or 
branched semi-interpenetrated networks are formed [14]. 
Whilst different polymer architectures give diversity to drug delivery 
applications allowing, as already mentioned, the manufacture of a variety of 
devices ranging from tablets to films and implants, [2] their synthesis is as 
diverse as their composition. The synthesis of polymers not only determines 
their ultimate architecture and composition but also gives control over their 
ultimate molecular weight. 
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Figure 1. 1 The three kinds of structural polymers: a) Linear polymers, 
b)Branched polymers and c) Crosslinked polymers (image from Qiu and Bae 
[2]). 
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1.4  Polymer Synthesis 
 
 The classification of polymers can also be made based on the 
mechanism of polymerisation used for their synthesis. These four main 
mechanisms of polymer synthesis are: i) step polymerisation, ii) chain 
polymerisation iii) living radical polymerisation and iv) ring opening 
polymerisation. 
 
i. Step polymerisation 
During the step polymerisation or step-growth polymerisation the 
attachment of monomers, as the name suggests, proceeds in a step wise manner 
though reaction between the functional groups of monomers involved. 
First one monomer attaches to another to form a dimer, the dimer then 
attaches to another monomer to form a trimer, the trimer subsequently attaches 
to another monomer to form a tetramer and so on. This process, unlike any 
other, occurs between any monomer in the system and occurs at many sites 
within the system, simultaneously, therefore short oligomers are formed 
initially, keeping the molecular weight low at the beginning of the synthesis 
despite monomers being continuously converted. It is only towards the end of 
the synthesis when monomer feed has been used up that large molecular 
weight is achieved.   
 
ii. Chain polymerisation 
Chain polymerisation unlike step polymerisation requires an initiator which 
leads to the formation of a free radical, a cation or an anion. Polymerisation 
then occurs through propagation from the newly formed reactive species 
through the successive attachment of monomers and the regeneration of the 
reactive center.  
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Unlike step polymerisation monomers do not react with one another during 
chain polymerisation, and monomer attachment only occurs via the reactive 
species. Different oligomers do not form at numerous sites within the system 
and molecular weight increases in a more linear and controlled manner when 
compared to step polymerisation (Figure 1.2). The last stage of chain 
polymerisation is the termination stage when the reactive center is neutralized 
permanently and polymerisation ceases. 
  
 
Figure 1. 2 Molecular weight increases in step polymerisation compared to 
chain polymerisation (image from [15]). 
 
iii. Living radical polymerisation  
Living radical polymerisation (LRP) differs from chain polymerisation in 
the termination stage. Irreversible termination or chain transfer does not occur 
and therefore the addition of more monomers and subsequently the 
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polymerisation of block copolymers is possible. There are three main 
subcategories for this polymerisation mechanism: atom-transfer radical 
polymerisation (ATRP), stable free-radical polymerisation (SFRP) and 
reversible addition-fragmentation transfer (RAFT).  
 The main difference between the three subclasses of LRP is that they 
each involve a different type of reactive center. In ATRP a radical is generated 
from an organic halide through a redox reaction catalyzed by a transition metal 
compound. SFRP, as the name suggests, employs stable free radicals which are 
more long-lived than others and can even be stored at room temperature. 
Examples of stable free radicals used for the purpose of SFRP are nitroxide, 
triazolinyl, trityl and dithiocarbamate. In both ATRP and SFRP chain growth 
is controlled by reversing the termination process.  
 RAFT is the last of the LRPs and the newest technique to be developed, 
only a decade ago by Dr. Rizzardo et al. [16]. RAFT polymerisation controls 
chain growth through reversible chain transfer, where an initiator first reacts 
with a monomer to create a radical species which then starts the polymerisation 
of a new chain; shown in scheme 1.1. The newly formed active chain (Pm) then 
forms an intermediate product by attaching to the dithioester and eliminating 
the leaving group (R) of the latter (although the dithioester group may lose 
either R or Pm). The leaving group then reinitiates another monomer and thus 
creates yet another active polymer chain (Pn). During the equilibration step of 
the RAFT polymerisation mechanism, most active chains are attached to the 
dithioester group. The two active chains, Pm and Pn, now attached to the 
dithioester group and are in equilibrium. Whilst one polymer is in the active 
stage where more monomers attach to the growing chain, the other is in the 
dormant stage where the polymer chain is attached to the dithioester. 
Dithioesters, thiocarbamates or  xanthates can be used to mediate 
polymerisation [17]. 
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Scheme 1. 1 General mechanism of RAFT polymerisation (image from 
Semsarilar and Perrier [18]). 
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iv. Ring-opening polymerisation 
The last polymerisation mechanism is ring-opening polymerisation (ROP). 
This type of polymerisation employs cyclic monomers such as lactones, 
lactams or cyclic esters, acetals or siloxanes and both anionic and cationic 
initiators can be used. 
 Anionic initiation involves nucleophilic attack of the anion on the 
monomer as shown in scheme 1.2 a, whereas cationic initiation involves 
nucleophilic attack of the monomer on the initiator itself (Scheme 1.2 b). ROP 
is also capable of proceeding via an alternative route known as the activated 
monomer (AM) mechanism where the monomer itself becomes a cation or 
anion and the polymerisation proceeds with this protonated species.  
 
a)  
 
b)  
Scheme 1. 2 Ring opening polymerisation mechanisms: a) anionic initiation of 
ROP and b) cationic initiation of ROP (note that ethylene oxide is special as it 
can be initiated by both anionic and cationic initiators) (image from  [19]). 
 
ROP is also the preferred method of synthesis for amphiphilic block 
copolymers of PEG/ PLA [7-8] and PEG/PCL [20]  block copolymers used for 
drug delivery, as the already mentioned in section 1.1.  
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1.5 Amphiphilic Block Copolymers  
 
Amphiphilic block copolymers play an important role in drug delivery 
due  to  their ability to self-assemble into ordered structures such as micelles, 
nano spheres and vesicles, in the presence of water. This ability has long been 
manipulated for the purpose of drug, gene and protein delivery [21-22].  
AB and ABA, and to a lesser extent BAB copolymers, have shown 
promising results for the purpose of drug delivery. These systems have been 
particularly useful for the delivery of hydrophobic drugs, where the 
hydrophobic drug is encapsulated in the hydrophobic core whilst the 
hydrophilic corona ensures its solubilisation [3] . 
Polymers used can also be modified in order to fine tune the functional 
properties of the drug carriers they form. Through the functionalization of the 
hydrophobic entities, which form the core of the carrier, the stability of the 
drug encapsulated can be improved, thus, ensuring longer circulation time. 
Longer circulation time in turn improves drug efficacy and advance the 
likelihood of delivery to target. On the other hand, the modification of the 
hydrophilic entity, which becomes the outer shell of the container, can increase 
solubility and also provide specificity for target organs. The outer shell, 
otherwise known as a corona, also serve as protection for the entrapped drug 
from protein absorption and consequently phagocytosis by the body’s main 
defense against foreign materials, the reticuloendothelial system (RES) [21]. 
Another way of bypassing the RES is by keeping the size of drug carriers 
below the viral size of 200 nm, ensuring the particles can travel unnoticed [2]. 
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1.5.1 Polymer Self-Assembly 
 
 Amphiphilic polymers possess the ability to act as surfactants and self-
assemble into ordered structures in a variety of solvents. This often leads to the 
formation of structures ranging from conventional spherical micelles to larger 
structures such as vesicles, rods or even lamellae. These aggregates are formed 
through interactions without the involvement of strong chemical bonds [23] and 
usually comprise of a swollen hydrophobic core and a hydrophilic outer corona 
(Fig 1.3). Hydrophobic particles may become solubilised within a micelle and 
reside within the inner region where they are shielded from the aqueous 
environment by the hydrophilic corona of the micelle [24]. 
 
 
Figure 1. 3 General representation of a micelle with a hydrophilic corona and 
hydrophobic core (image from [25]). 
 
 Unlike low molecular weight surfactants, polymers self-assemble at much 
lower concentrations and form micelles of much higher stability which do not 
dissociate as easily upon dilution into the blood stream [24]. For the purpose of 
drug delivery applications, the ability to self-assemble in aqueous 
environments is of utmost importance and based on this, two main categories 
of micelles have been identified. The micelles have been classified in 
accordance to the driving forces which lead to their self-assembly, through the 
segregation of the core forming polymer segment from the aqueous 
environment. 
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 The first type of micelles are amphiphilic micelles, which are formed by 
hydrophobic and non-polar interactions of amphiphilic block copolymers in 
water. The core of these micelles is formed by the hydrophobic polymer blocks 
whilst the outer corona contains the hydrophilic polymer constituents.   
 The second type of micelles are those formed through electrostatic 
interactions and are known as polyion complex micelles (PICM). These 
micelles are formed when oppositely charged polyions are neutralised which 
leads to segregation. Micelles formed through metal complexation make up the 
last category of micelles [26]. 
 
1.5.2 The Driving Forces of Amphiphilic Self-Assembly  
 
 Self-assembly occurs when a balance is reached between the forces by 
which it is driven: attractive (driving force), repulsive (opposing force) and 
directional force. The majority of micellisation occurs when the first two of 
these forces are in action leading to a random and often one-step self-assembly 
process [23]. 
 An amphiphilic surfactant in an aqueous environment will be driven to 
self-assembly by the attractive forces, occurring between the hydrophobic tails 
which bring the surfactant molecules together. Repulsion then tries to 
counteract this effect through the opposing forces of electrostatic repulsion or 
the solvation force originating from the interaction of the hydrophilic heads 
with the solvent environment [23]. 
 Eventually the two forces come to a balance and this defines the onset of 
micellisation, yielding aggregates of spherical or near spherical shape for most 
surfactants. The concentration of monomer in solution at which this balance is 
reached is known as the critical micelle concentration (CMC). Past this 
concentration monomers will continue to self-assemble, driven by the same 
force balance mechanism, leading to an increase in the number of resulting 
micelles with the size of the aggregates remaining the same. This type of self-
assembly yields aggregates with non-hierarchical structures [23]. 
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 The resulting micelles are continuously exchanging their monomers with 
those in solution, a process which occurs very rapidly (10-5-10-3 s). The 
number of amphiphilic monomers required to form one single micelle is 
known as the aggregation number and it is highly dependent on the properties 
of the monomer itself. This number is not particularly unequivocal, however 
the aggregation number of a particular polymer in solution will usually follow 
a Gaussian type of distribution and is therefore a representation of an average 
[23]. 
 When directional force is involved in the process along with the first two 
forces, self-assembly becomes hierarchical and often through multi-step 
processes. In hierarchical self-assembly, strong interactions must happen first 
with weaker interactions occurring afterwards. For example, when metal 
complexes are involved, the metal-ligand bonds occur first followed by the 
hydrogen bonding required to complete self-assembly [27]. The majority of 
biological and bio-mimetic polymers tend to self-assemble via this hierarchical 
process. 
 
1.5.3  Starlike and Crew-Cut Micelles 
 
Although micelles can be classified based on the self-assembly 
mechanism, as already discussed, they can also be classified based on the 
copolymers from which they form. There are two groups, the first class 
referred to as the starlike or start-type. These micelles are formed when the 
corona forming hydrophilic block is longer than the hydrophobic block and 
tend to be spherical with narrow size distributions [2].  
Crew-cut micelles belong to the second class and they form when 
polymers with longer hydrophobic segments and shorter hydrophilic segments 
aggregate in solution [3]. Because of these main differences starlike micelles 
have smaller cores (their radius being defined as Rc) in relation to their overall 
diameter (defined as Rm) whilst crew-cut micelles have larger a larger Rc in 
relation to their Rm (Fig1.4).  
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Figure 1. 4 a) Starlike micelles and b) crew-cut micelles (image from Block 
Copolymer Micelles [24]. 
 
 The lengths of hydrophobic and hydrophilic segments do not just 
determine the types of aggregates formed, they also play a very important role 
in determining the solubility of the copolymer in solution. Solubility in turn 
plays an important role in the resulting CMC and it will also determine the 
method applied for the formation of the sought after micelles. The size of the 
resulting hydrophobic core is also thus influenced which directly affects the 
amount of drug that can be potentially loaded. This will be discussed further in 
section 1.8.1. 
Whilst most self-assembly studies focused on either AB or ABA type 
block copolymers, less focus has been given to BAB type polymers as their 
self-assembly can be more difficult to achieve. In normal AB and ABA self-
assembly carried out in water, (selective solvent for A block) normal micelles 
are formed with the A blocks forming the corona and B blocks forming the 
cores (Figure 1.5 a). In the case of BAB copolymers, flower-like micelles will 
form if all B blocks are incorporated into the core of the micelles (Figure 1.5 b) 
However, in some cases, whilst the majority of the B block forms the micellar 
core, some B blocks are still free in solution forming an aggregate as shown in 
figure 1.5 c. Another phenomenon often seen in BAB type copolymers is the 
formation of larger aggregates or networks as the B blocks of the same BAB 
chain are incorporated into the core of more than one micelle (Figure 1.5 d).  
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Figure 1. 5 Products of self-assembly from a) normal AB and ABA type 
copolymers, b) BAB flower-like copolymers, c) BAB flower-like copolymers 
exhibiting some free B chains and d) BAB polymer networks (image from 
Block copolymers: synthetic strategies, physical properties and applications 
[28]). 
 
One of the most challenging problems experienced with block copolymer 
micelles is the formation of bimodal distributions upon self-assembly. In such 
a population of smaller particles, the micelles are formed along with a 
population of larger aggregates. The larger aggregates are due to the 
conglomeration of micelles and the presence of two different sizes of 
aggregates gives rise to a bimodal distribution by DLS [3, 29]. If the large 
aggregates formed possess similar stability in solution as the micelle subunits 
they are made of, the larger aggregates would acquire longer circulation times 
than the latter. Two different circulation times would lead to ineffective drug 
delivery since the drug would first be delivered from the micelle carriers, and 
later on from the larger aggregates, instead of its delivery occurring at once. 
However if the large aggregates are not stable and break up into the smaller 
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more stable micelles upon introduction into the blood stream, drug delivery is 
not influenced by the presence of two size populations, as found by Allen et al 
[3].  
Whilst hydrophobic block size influences self-assembly and the size of 
resulting micelle cores, it also bears direct influence over the CMC of the 
block copolymer. The polymers with the most hydrophobic blocks will give 
the smallest CMCs compared to those with highly hydrophilic blocks which 
have been found to give high CMC values in the range of 1 and 5 mg l-1 [30]. 
A decrease in CMC has also been observed in cases where the hydrophobic 
block length has been increased whilst maintaining the hydrophilic block at the 
same length. The opposite is also true however to a lesser extent [31-34]. 
 
1.5.4 Morphology and Changes in Micelle Structure 
 
 It is important to note that spherical micelles are examples of primary self-
aggregates and that secondary aggregates may form as a result of a disruption 
in the balance of the attraction and repulsion forces previously mentioned. 
Such a disturbance can be induced by a change in one of the following factors: 
molecular structure of the surfactant, surfactant concentration, solvent polarity, 
dielectric constant or pH of solvent, temperature or pressure. In the case of 
ionic micelles or PICM, a change in the degree of anionic counter ion binding 
to a cationic micelle or a change in the balance of counter ion can also lead to a 
change in morphology. The change in morphology in aqueous environments 
usually respects the following hierarchy: spherical micelles → rod-shaped 
micelles → wormlike micelles → liquid crystal (mesophase). Liquid crystals 
have been observed to form hexagonal, cubic as well as lamellar structures [23]. 
 Bilayers are another significant morphology as their assembly resembles 
the lipid bilayer of cell membranes (Fig. 1.6 a). Whilst all surfactants capable 
of forming micelles have the theoretical ability to form bilayers, the formation 
of the latter is highly dependent on an increase in repulsion between the 
hydrophobic tails and a decrease in repulsion between the hydrophilic head 
groups, which can be achieved. Bilayer formation is often encouraged by 
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counter ions and also by the presence of bulky tail groups which are capable of 
fulfilling the molecular packing requirements of these structures [23].   
 Polymer vesicles, while usually taking the spherical shape of micelles are 
formed from rolled up bilayers and possess a hydrophobic polymer membrane 
with a hydrophilic inner cavity (Fig. 1.6 b). 
 
Figure 1. 6 a) A typical bilayer and b) representation of a vesicle (image from 
[35]). 
 
 Crew-cut and starlike micelles too exhibit environment dependant 
morphologies. The force balance in crew-cut micelles is highly dependent on 
three main factors: 
1. stretching of the core-forming blocks; 
2. interfacial energy between the hydrophobic core and the solvent; 
3. interactions between the corona forming chains.  
 The resulting morphology of these polymers will be therefore 
determined by the force balance reached. For example, the addition of water 
to spherical crew-cut micelles leads to an increase in micelle diameter and a 
decrease in micelle population numbers. This occurs due to an initial 
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increase in interfacial energy between the hydrophobic core and the 
hydrophilic corona which is balanced by an increase in aggregation number. 
Due to the weak inter-corona repulsion forces of the crew-cut micelles, the 
expansion of the corona continues with the ongoing addition of chains until 
the degree of stretching of the core-forming blocks reaches a maximum 
where spherical morphology can no longer be supported. 
 If the same scenario is to be applied to starlike micelles however, the 
long hydrophilic chains will exhibit strong inter-corona repulsions and the 
increase in aggregation number through the addition of more chains comes 
to an end prior to a change in morphology [36].  
 In contrast to micelles, hydrophilic compounds can be loaded into 
vesicles. Artificial vesicles known as liposomes have been successfully 
applied for this purpose [37-39] as have vesicles formed by Polyisoprene-
block-poly(2-cinnamoylethyl methacrylate) [40]. 
 
1.5.5 Measuring Critical Micelle Concentration  
 
Whilst different morphologies may be possible, all forms of self-
assembly occur only when the CMC of the amphiphile is reached in solution.  
The CMC of a drug delivery amphiphilic polymer however is of particular 
interest since its value will not only indicate the polymer concentration in 
solution above which the drug can be incorporated within the delivery vehicle, 
but also, the concentration below which the encapsulated drug will be released. 
A range of methods such as light scattering [41-42], viscometry [43], 
osmometry [44] and surface tension measurements as carried out by the 
Langmuir-Bloegett technique [45] have been introduced for the measurement of 
CMC with their suitability dependent on the amphiphile investigated. Despite 
many methods being available the majority were mainly only feasible for the 
measurement of low molecular weight surfactants. Amphiphilic block 
copolymers tend to self-assemble at much lower concentrations than smaller 
molecules therefore making the CMC measurements more difficult. A decade 
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ago however the fluorescence probe technique was introduced for the CMC 
measurement of polymers, a technique widely used previously for the CMC 
determination of smaller surfactant molecules.  
 Although poorly water soluble, pyrene solubilises more readily in the 
presence of self-assembling amphiphilic moieties. The fluorescence emission 
spectrum is influenced by changes in the microenvironment of the host 
aggregates, thus when the probe shifts towards the hydrophobic core of a 
micelle or aggregate, the ratio between the first and the third vibrational bands 
of the emission spectrum (I1/I3) changes [30-31, 46]. A ratio of around 1.75 [47] is 
representative of the probe in an aqueous environment whereas as the probe 
becomes incorporated within the hydrophobic core of aggregates the ratio 
drops dramatically. A plot of I1/I3 against the varying concentrations of 
amphiphilic polymer in solution indicates the concentration where the ratio 
change occurs and thus indicates the CMC of the amphiphile [48-49]. 
 
1.6 Micelle Preparation 
 
 As mentioned in section 1.4.3, block lengths in a copolymer will greatly 
influence the solubility of the respective polymer. It is therefore expected that 
copolymers with larger hydrophilic blocks and shorter hydrophobic blocks will 
dissolve more readily in water than copolymers with shorter hydrophilic blocks 
and longer hydrophobic ends.  
The direct dissolution method (Fig. 1.7) is applied for the first type of 
copolymers described. When using this method for micelle formation the 
copolymer is dissolved directly in water or phosphate buffered saline (PBS) 
solution with the aid of heating. 
For the second type of polymers, which are less soluble in aqueous 
media, the dialysis method (Fig. 1.7) is applied, where the copolymer is first 
dissolved in a compatible organic solvent, then dialysed against water with the 
aid of a dialysis membrane [2]. Because block copolymers requiring this 
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method for self-assembly are generally those with longer hydrophobic blocks 
than hydrophilic blocks, the dialysis method usually yields crew cut micelles. 
 
Figure 1. 7 Methods of micelle preparation. (image from Allen et al. [3]. 
 
 
1.7  PEG as a Hydrophilic Block 
 
As a polymer, PEG  is best described as a non-ionic crystalline 
thermoplastic [50]. PEG has been widely used as the hydrophilic block in many 
systems due to its chain mobility and biocompatibility [51]. It is also readily 
water soluble at room temperature at all molecular weights, more so than any 
of its structural counterparts [52]. Whilst bifunctional PEG has been used for the 
synthesis of triblock copolymers, α-methoxy-ω-hydroxyl-PEG with an 
unreactive methoxy end has been used for the synthesis of diblock copolymers 
[53]. PEG of molecular weights between 1,000 and 12,000 are usually employed 
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with a total length which is greater than or equal to the total length of the 
hydrophobic block [3]. 
PEG is also employed due to its ability to act as an inhibitor towards 
protein adsorption and thus protects the drug delivery vehicle from the body’s 
natural defences. Once a drug delivery vehicle enters the body it is at risk of 
being attacked by the body’s natural defences against foreign materials. 
Proteins may also adsorb to the surface of the materials damaging their surface 
and causing lysis of the drug carrier. Consequenatly the drug within the vehicle 
leaks, which in turn leads to premature and uncontrolled drug delivery. The 
adhesion of proteins is especially likely for hydrophobic or charged materials 
[3]. 
To  date a range of biocompatible block copolymers have been 
employed for many successful drug delivery applications incorporating PEG as 
the hydrophilic block and poly L-lactide (PLLA) as the hydrophobic 
component [54-57]. Other hydrophobic polyesters used in biocompatible block 
copolymers incorporating PEG include poly caprolactone (PCL) [20, 58], poly 
(lactic-glycolic acid) (PLGA) [22] and poly (β-amino esters) [59]. The focus has 
shifted more and more towards the use of poly amino acids (PAAs) over the 
past four decades due to their superior biocompatibility arising from their 
ability to mimic lipoproteins and viruses [60]. These novel materials also 
possess the ability to be enzymatically degraded [61] producing non-toxic 
decomposition products. 
 
1.8   Amphiphilic Block Copolymers Incorporating Peptides 
 
There are three main classes of amphiphilic peptide block copolymers; 
to the first class belong copolymers with hydrophilic peptide blocks attached to 
hydrophobic polymer chains. The second class incorporates hydrophobic 
peptides attached to hydrophilic chains whilst the third includes block 
copolymers comprising of both hydrophilic and hydrophobic chains [53]. 
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.   For the synthesis of amphiphilic block copolymers both essential and 
non-essential amino acids have been investigated. Hydrophilic amino acids 
investigated for synthesis of amphiphiles belonging to the first class have 
included negatively charged amino acids such as L-aspartate[62] and L-
glutamate.[63] L-aspartate based block copolymers, in particular, have been 
successfully used to load the drug doxorubicin and entrap it through covalent 
conjugation for up to 24 hours followed by its accumulation and delivery at a 
targeted tumour site [64]. An even more stable system was found to form when 
L-benzyl-aspartate was used to incorporate adriamyacin. The π-π interactions 
between the aromatic rings of the drug and the benzyl group lead to the 
formation of a highly stable rigid core system [65] . 
Peptides conjugated to poly(ethylene glycol) (PEG) have been 
investigated as part of the second class. Part of these studies have included 
systems using the polypeptides of (L-leucine) [66], phenylalanine [67], L-lysine 
[68], β-benzyl L-glutamate [69-71] and L-histidine [72-73]. For the synthesis of 
diblock copolymers α-methoxy-ω-amino-PEG was employed, whilst triblock 
copolymers possessing two separate hydrophobic chains have utilised the 
bifunctional polymer poly (ethylene glycol) bis(amine) as the middle block [53]. 
For the synthesis of amphiphiles in the third category the block hydrophilic 
PEG block has been replaced with copolymers of poly(glutamic acid) and 
poly(L-phenyalanine) have been  employed. 
Whilst many hydrophobic amino acids have been investigated, to date 
very little research has been dedicated to the use of tryptophan in the synthesis 
of amphiphilic block copolymers, despite the successful application of 
tryptophan containing copolymers in DNA vector synthesis [74] and the 
successful incorporation of tryptophan into copolypeptides with drug delivery 
capabilities [75]. 
Whilst their superior biocompatibility and biomimetic properties set 
PAAs apart from other polymers, the synthetic method by which they are 
achieved are also different. 
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1.8.1  Poly Amino Acid Synthesis 
 
 Solid phase synthesis has for many years been almost synonymous with 
peptide synthesis. The protection, attachment to a solid support and subsequent 
deprotection of amino acids allows for controlled synthesis of peptides with 
known and unlimited sequences. Despite the effectiveness of this technique it 
is time consuming and impractical for the synthesis of synthetic polypeptides 
[76]. 
 A facile synthesis was thus developed in the late 1940’s and applied for 
the synthesis of homopeptides eliminating the need for repetitive 
protection/deprotection steps. This method involves the ring opening 
polymerisation of N-carboxyanhydride (NCA) amino acids initiated by 
primary amino compounds [77-80]. 
   
 
N
O
O
O
H
R
 
Figure 1. 8 N-carboxy anhydride. The R group denotes any amino acid. 
 
 For the synthesis of high purity NCA amino acids in high yield the Fuchs-
Farthing method is preferred. The method employs the use of water free 
solvents such as dioxane, tetrahydrofuran (THF) or acetonitrile and phosgene 
[81-82]. Following NCA formation the now activated amino acids can undergo 
polymerisation when activated by a primary amino species. The mechanism 
will be discussed in more detail in Chapter 2. 
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1.8.2  Peptides, Proteins and Secondary Structure 
 
 As already mentioned, one of the biggest advantages of peptides and 
proteins in drug delivery, apart from their superior biocompatibility, is their 
ability to be involved in hierarchical self-assembly driven by their unique 
structure. 
 Proteins or in the case of shorter molecules, peptides, are formed through 
the covalent bonding of two or more amino acids. These newly formed amide 
bonds give rise to the linear primary structure of proteins (Scheme 1.3). 
 
 
 
Scheme 1. 3 The formation of a peptide bond (image from [83]) 
 
  The partial electron sharing which occurs between the carbonyl oxygen 
and the amide nitrogen gives partial double bond character to the planar amide 
bond. Free rotation around the bond is therefore prevented making the protein 
backbone rigid and locking it in a trans conformation (Figure 1.9 a); this 
conformation being observed in the majority of proteins. The only rotation 
occurring within the protein backbone is around the Cα – C and N - Cα bonds 
with bond angles resulting from such rotations being labelled as ψ for rotations 
of the Cα – C bond and φ for rotations around the N – Cα bonds (Figure 1.9 b). 
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a)   b)  
 
Figure 1. 9 ψ and φ rotations occurring around the Cα – C and the N – Cα 
bonds respectively (image from [83]). 
 
 Protein secondary structure forms through hydrogen bonding between the 
hydrogen of the NH group and the oxygen of the C=O of the amide bond. 
These interactions give rise to structures such as α-helices and β-sheets. 
 The α-helix is the simplest secondary structure proteins can form due to 
the rigidity of their backbone. It is also the most common classical 
conformation in proteins. Protein chains form a coil like conformation with 
each turn of the helix being 5.4 Å in length along the axis and formed by 3.6 
amino acids. The resulting helices can be either right handed (the helix is 
moving around an invisible axis away from the observer) or left handed (along 
the invisible axis the helix is moving towards the observer) (Figure 1.10). 
Although naturally occurring L-amino acids have the ability to form both right 
and left handed α-helices, only right handed helices have so far been observed 
in proteins. 
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Figure 1. 10 α helix conformations.  (a) The ideal right-handed α-helix.  C: 
green; O: red; N: blue; H: not shown; hydrogen bond: dashed line.   (b) The 
right-handed α-helix without showing atoms.  (c) the left-handed α-helix 
without showing atoms (image from [84]). 
 
 Beta-sheets are the second type of classical secondary structures and also 
exhibit two conformations. The first type of β-sheet is known as a parallel β 
pleated sheet and is formed through hydrogen bonding between two protein 
sheets where the N and C termini of the first sheet are lined up with the N and 
C termini of the second sheet. In the second type of β-sheets, known as the 
antiparallel β pleated sheets, the N terminus of the first protein is in line with 
the C terminus of the second and vice versa (Figure 1.11) [85]. 
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Figure 1. 11 Parallel and anti-parallel β-sheets (image from [86]). 
 
 In addition to the two types of β-sheeting possible, these secondary 
structures can also form structural motifs such as turns, loops and connection. 
In order to form such structures the protein chain reverses direction and 
converges upon itself (Fig 1.12).  
 
 
 
 
 
Figure 1. 12 β-turn formation (image from [87]). 
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 Turns are the shortest structural motifs and the most common type of 
nonrepetitive structures occurring in proteins [88]. They connect two adjacent β-
sheets and form between four amino acid residues termed i, i+1, i+2 and i+3 
respectively. Because the two amino acids at the centre of the turn are not 
participating in any hydrogen bonding, the turn itself is formed by interaction 
between the first and the fourth amino acids of the turn. There are 7 types of 
generally accepted turns with types I and II  (Figure 1.13) being the most 
common [89]. 
 
a)      
 
b)  
Figure 1. 13 a) Type I and b) Type II β-turns (image from [90]). 
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 The less common γ turn (Figure 1.14) is another possible motif of protein 
sheets and it occurs much like a β turn however it involves only three amino 
acids. Hydrogen bonding occurs between the first and third amino acid with 
the second amino acid not participating in the bonding. 
 
 
Figure 1. 14 γ turns (image from[90]). 
 
 
 Secondary structure is only the start of protein self-assembly. Protein 
folding gives rise to tertiary structures which in turn can interact with other 
tertiary structures to form self-assembled aggregates known as quaternary 
structures, as shown in figure 1.14 [27]. It is however the secondary structure of 
peptides that makes them attractive candidates for drug delivery with their 
ability to form rod-coil copolymers [91] as well as their ability to partake in 
supramolecular self-assembly [92]. Rod-coil copolymers are of particular 
interest for drug delivery due to their ability to self-assemble into various 
morphologies, such as spherical micelles, vesicles, lamellae, nanoribbons, 
disklike aggregates and mushroomlike nanostructures. These various 
nanostructures give rise to diverse properties, thus leading to improved 
suitability for a wider range of drug delivery applications. 
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Figure 1. 15 Primary, secondary, tertiary and quaternary structures of proteins 
(image from [93]). 
 
 
1.9  Drug loading 
 
 The ultimate goal in the synthesis of novel materials for drug delivery 
is the successful loading and subsequent delivery of the drug of interest. There 
are two main categories of drug loading into block copolymer aggregates, their 
classification being based on the property of the block copolymers used. 
 The first procedure of drug incorporation (Figure 1.16 a), known as 
direct dissolution, is applied to block copolymers of relatively low 
hydrophobicity. The block copolymer and the drug are both dissolved in 
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aqueous solution and self-assembly of the polymer and the partitioning of the 
drug into hydrophobic domains. The heating of the copolymer/drug mixture is 
sometimes required when this method is applied in order to dehydrate the 
hydrophobic segments and thus encourage self-assembly [53]. 
 The second procedure of drug loading is applied to less water soluble 
amphiphilic block copolymers and can be achieved using one of four methods, 
all of which rely on an organic solvent able to first solubilise both the drug and 
the amphiphile prior to the addition of the aqueous solvent. The first method of 
the four relies on the straight-forward dialysis approach where both drug and 
copolymer are dissolved in an organic solvent and added to a dialysis 
membrane. Dialysis against water is then employed to remove all organic 
solvent and induce micellisation (Figure 1.16 b). This method is applied when 
the organic solvent used is water miscible. When a water immiscible solvent 
such as chloroform is necessary, the solution-casting method is employed. 
Both the drug and the copolymer are first dissolved in a suitable organic 
solvent and the solvent is allowed to evaporate to yield a polymer-drug film 
(Figure 1.16 d). Heated aqueous solution is then used to rehydrate the film, 
thus yielding the drug loaded micelles. Alternatively the oil-in-water (O/W) 
emulsion encapsulation method can also be used where the two organic and 
inorganic phases, along with solvated drug and copolymers, are mixed together 
to form an emulsion (Figure 1.16 c). 
 However different the four techniques mentioned above may be, they 
all share the common final preparation step of freeze-drying [94]. In recent years 
a novel one step method for drug loading has emerged which employs the 
direct freeze-drying of a water and tert-butanol (TBA) mixture containing the 
solubilized drug and copolymer of interest [95]. The high vapor pressure of 
TBA accelerates the sublimation and the lypolisation process; the method 
being successfully applied to the loading of anticancer drugs paclitaxel and 
docetaxel into Poly(N-vinyl-pyrrolidone)-block-poly(D,L-lactide (PVP-b-
PDLLA) [96] ( Figure 1.16 e). 
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Figure 1. 16 Drug loading into polymeric micelles (image from Gaucher et al. 
[53]. 
 
1.9.1 Micellar Stability and Drug/Vehicle Suitability 
 
Although the type of block copolymer used as the drug delivery vehicle 
will need to be considered upon choosing a drug loading method, the nature of 
the drug itself will determine which block copolymer system is most suitable. 
No block copolymer is suitable for drug loading of all hydrophobic drugs; 
similarly whilst one drug may be suitable for drug loading in one amphiphilic 
system it may be unsuitable for another [3]. This suitability is influenced by 
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many factors and is one of the main reasons why research into different block 
copolymers for drug delivery is so vital.  
Core forming blocks play a central role in determining whether or not a 
drug and a block copolymer will form a stable aggregate as they exhibit 
specificity in relation to drug incorporation. Less hydrophobic blocks will 
solubilize less hydrophobic drugs whilst more hydrophobic blocks will attract 
more hydrophobic drugs [3]. 
Longer core-forming blocks will lead to an increase in the partition 
coefficient of the drug [41, 97], a decrease in CMC as well as an increase in 
aggregation number which leads to an increase in the core size of the micelle. 
All these factors together can lead to an increase of drug incorporated into the 
micelle core, otherwise known as drug loading capacity [98]. 
The length of the corona forming block too has some influence over 
drug loading capacity. With an increase in hydrophilic block length an increase 
in CMC is observed as well as a decrease in aggregation numbers leading to 
smaller micelles with smaller hydrophobic containers available for loading [97]. 
Interaction between the hydrophilic block and the drug can be as detrimental as 
interaction between hydrophobic core and drug can be useful. If the drug 
favours interaction with the corona-forming block some drug molecules will 
reside within the corona of the micelle, thus increasing the chances of 
premature release [3, 98]. 
The glass transition temperature Tg of a block copolymer plays a key 
role in the stability of micelles when diluted below their CMC. The Tg of a 
polymer is determined as the temperature where an amorphous material 
transitions into a glassy state, becoming brittle, stiff and rigid. Semicrystalline 
polymers will exhibit a Tg as well as a crystalline melting temperature Tm. In 
contrast to small molecular weight compounds the melting temperature of 
polymers does not suggest a transition from solid to liquid form, but rather a 
transition to a crystalline amorphous phase. Completely crystalline polymers 
exhibit only a Tm and no Tg whilst conversely completely amorphous polymers 
exhibit only a Tg [17]. 
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Micelles of copolymers with higher Tg values will tend to disassemble 
slower whilst a low Tg will lead to a quicker disassembly [3]. In micelles of 
block copolymers with hydrophobic blocks exhibiting Tg values higher than 
37°C the chains of the inner core are constrained which leads to the formation 
of so called “frozen” cores and greater kinetic stability upon dissolution [53, 99]. 
 Stability can also be achieved by attaching the drug to the core forming 
block, either covalently or through weaker non-covalent interactions. L- 
aspartate based block copolymers, in particular, have been successfully used 
for the loading of the drug Doxorubicin through covalent conjugation of the 
drug which leads to a stability of up to 24 hours before its accumulation and 
delivery at a targeted tumour site [64]. An even more stable system was found to 
form when L-benzyl-aspatate was used to incorporate Adriamyacin. The π-π 
interactions between the aromatic rings of the drug and the benzyl group of the 
amino acid lead to the formation of a system with a very stable rigid core 
further increasing drug accumulation chances [65].  
 
1.9.2 Targeting and Drug Release 
 
One of the key aspects of the ‘Magic Bullet” approach is of course the 
targeting of the drug to a specific area, and indeed once at the target site, the 
subsequent release of the drug. Ligands have already been successfully 
attached to the hydrophilic coronas of micelles to act as “pilot molecules” and 
target the overexpressed proteins of specific tissues [13]. Another efficient 
approach for targeting and indeed subsequent drug release takes advantage of 
pH changes. First of all certain pH changes occur in the body when a disease is 
present; in cancerous tumours a pH of around 6.8-7.0 is often encountered, 
whilst the pH of healthy tissues is the physiological pH of 7.1-7.3 [8]. The 
ability of some amphiphilic block copolymers to self-assemble into stable drug 
loaded micelles at physiological pH, and disassemble and deliver their pay 
load when a change of pH is encountered, can therefore be exploited for 
targeted drug delivery. Examples of such systems include AB block 
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copolymers such as polybutadiene-block-poly(L-lysine) [100] and poly(L-
histidine)-PEG as well as ABC block copolymer systems such as of poly(L-
lactic acid)-block-poly(ethylene glycol)-block-poly(L-histidine) and poly(Nɛ-
(3-diethylamino)propyl isothiocyanato-L-lysine)-block-poly(ethylene glycol)-
block-poly(L-lactide) [73, 101-102]. 
 Other external stimuli explored have also included temperature and 
ultrasound. Temperature dependant poly(N-isopropylacrylamide)-block-
poly(butylmethacrylate) have been successfully employed in the in vitro 
delivery of doxorubicin by J. E. Chung et al. [103] whilst both in vitro and in 
vivo studies have proven successful for the delivery of doxorubicin from BAB 
type micelles of poly(ethylene oxide)-block-poly(propylene oxide)-block-
poly(ethylene oxide), also known as poloxamers [104-106]. 
 With the search for the “Magic Bullet” continuing the demand for 
novel materials grows. Whilst PAAs have shown promise for drug delivery 
application, improvements still need to be made to fine tune their structure, 
self-assembly, loading, targeting and delivery abilities [78]. Secondary structure 
has already been shown to play a crucial role in the hierarchical self-assembly 
of copolymers with α-helix formation leading to the formation of rod-coil 
copolymers. Rod-coil copolymers differ from conventional coil-coil 
copolymers where all component blocks are flexible, in that the rod  in rod-coil 
copolymers is formed by the block which achieves rigidity upon primary self-
assembly. In the case of PAAs the primary self-assembly involves the 
formation of peptide secondary structure with the formation of α-helices 
leading to rods. 
Previous reports have  also shown tert-butoxycarbonyl (t-Boc) 
protection of the N- or C- terminals of small peptides can give rise to α helix 
formation through hydrogen bonding interactions between the N-H of the 
amide bond and the C=O of the t-Boc carbamate group [107-108].  Despite these 
encouraging reports of t-Boc induced α-helix formation, the influence of t-Boc 
has not yet been studied in block copolymers incorporating PAAs.  
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With many amino acids already having been investigated, little 
attention has been afforded to the largest amino acid tryptophan despite its 
promising incorporation into pH responsive copolypepytides [75] as well as 
copolymer DNA vectors [74].   
 
1.10  Project Aims 
 
 The aims of this project were: 
 
1) To synthesise and characterise a series of novel BAB and AB block 
copolymers incorporating poly t-Boc-L-tryptophan and PEG. Synthetic 
parameters such as temperature, solvent used, feed ratio, reagent 
concentration in solution and time allowed for synthesis needed to be 
addressed in order to achieve control over chain extension. The novel 
block copolymers are the first of their kind and could prove to be an 
improvement on previous drug delivery systems for two reasons:  
 
i) The indole ring of the tryptophan, which will be located within 
these hydrophobic core regions, could lead to the stabilisation of 
incorporated drugs through π-π interactions [65, 109-110].  
ii) The copolymers are expected to self-assemble in a hierarchical 
manner. As tryptophan is a bulky amino acid it is known to prefer 
the β-sheet conformation; t-Boc protection of the poly(Nα-Boc-L-
tryptophan) (PBocLTrp) blocks was therefore employed in order to 
encourage α-helix formation through hydrogen bonding between 
the N-H of the indole ring [111] and the C=O of the t-Boc carbamate. 
Upon self-assembly, in aqueous milieu, this secondary structure is 
expected to lead to the formation of rigid cores to aid in controlling 
drug release [112].  
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2) To investigate the aqueous self-assembly of the BAB block copolymers 
as well as the influence of PBocLTrp block length upon CMC and 
morphology and size of aggregates. 
3) To investigate the aqueous self-assembly of the AB block copolymers. 
The influence of both PEG as well as PBocLTrp block lengths over 
CMC, morphology and size of aggregates was investigated separately. 
4) Lastly the secondary structure characteristics of PBocLTrp blocks were 
assessed for all BAB and AB block copolymers at concentrations above 
CMC to gauge how secondary structure may be affecting self-
assembly. 
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Chapter Two_______________________________ 
 
2.  Synthesis of Poly(Nα-Boc-L-tryptophan)-
block-poly(ethylene glycol)-block-poly(Nα-Boc-L-
tryptophan) and Poly(ethylene glycol)-block-
poly(Nα-Boc-L-tryptophan) Block Copolymers 
 
2.1 Introduction 
 
 This chapter will discuss the synthesis of poly(Nα-Boc-L-tryptophan)-
block-poly(ethylene glycol)-block-poly(Nα-Boc-L-tryptophan) (PBocLTrp-b-
PEG-b-PBocLTrp) and poly(ethylene glycol)-block-poly(Nα-Boc-L-
tryptophan) (PEG-b-PBocLTrp) block copolymers and the influence of feed 
ratios, solvents, temperature and reaction time used over the BocLTrp 
monomer attachment. The novel copolymers were designed to form stable 
aggregates through hierarchical self-assembly and provide regions for drug 
stabilisation within their inner cores. 
 Both BAB and AB type block copolymers were synthesised through 
the ring opening polymerisation (ROP) of Nα-Boc-L-tryptophan Nα-carboxy 
anhydride (Boc-L-Trp NCA) initiated by polyoxyethylene bis(amine) 
(BAPEG) and α-methoxy-ω-amino poly(ethylene glycol) MAPEG, 
respectively.  
 Block copolymer characterisation was achieved using attenuated total 
reflectance spectroscopy (ATR) and 1D and 2D solution state nuclear magnetic 
resonance (NMR). The poly dispersity index (PDI) of each copolymer was 
measured using gel permeation chromatography (GPC) . 
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2.1.1 Methods for Polymer Characterisation: Nuclear 
Magnetic Resonance 
 
 Nuclear magnetic resonance (NMR) is an accepted and useful tool for 
the characterisation of organic and inorganic compounds both in the solution 
and in the solid state. The technique usually takes advantage of the ½ integral 
spin state of nuclei and this is applied to the most commonly used isotopes: 1H, 
13C, 19F, 29Si and 31P. Because NMR spectroscopy is complex and its 
applications are vast this discussion focus on techniques used for the purpose 
of structure elucidation in the context of this project. 
 Amongst the many experiments possible, the most commonly used for 
the purpose of molecule characterisation are basic one-dimensional (1D) 1H 
and 13C experiments which look at proton and carbon content of a molecule 
and deduce how many of each are present and if any are lost through synthesis. 
The symmetry of a molecule will influence resonance where homotopic or 
enantiotopic  protons will give only one  NMR signal and carbons with similar 
chemical environments and the same attachments will too resonate as only one 
peak. Homotropic protons are always equivalent even after deuterium 
substitution and will always exhibit one signal. Enantiotropic protons on the 
other hand appear to be equivalent and only give one signal however they will 
form enantiomers following deuterium substitution (Figure 2.1). 
a)  
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b)  
Figure 2. 1 a) Homotopic and b) enantiotopic protons (image from[113]). 
 
 Whilst basic 1D NMR spectra yield good information about the number 
of protons (1H) and carbons (13C) present in a molecule, the technique’s 
shortcomings come from its inability to place these atoms at exact places in a 
molecule. A simple 1D 13C experiment that can dissolve ambiguity between 
quaternary, CH3, CH2 and CH carbons is a Distortionless Enhancement by 
Polarisation transfer (DEPT) experiment where, through polarisation transfer, 
magnetisation is transferred from protons to carbon nuclei. The number of 
attached protons on each carbon thus gives a change in amplitude of the 13C 
spectrum. Since quaternary carbons have no attached protons their signals are 
completely suppressed by all DEPT experiments. This change is dependant on 
the pulse angle used for the initial proton excitation, each experiment being 
denoted in the form of “DEPT-pulse angle used”. 
 When a DEPT-135 experiment is performed quaternary carbons are 
completely supressed whilst CH2 are pushed in one direction (be it negative or 
positive) whilst CH and CH3 carbons are shifted into the opposite direction. A 
DEPT-90 will suppress all 13C peaks except for CH whilst a DEPT-45 will 
supress all quaternary carbons without influencing the other amplitude of other 
carbons. It is often found that a combination of two or all three DEPT methods 
can be used for the elucidation of more complex molecules.  
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 The application of NMR to polymers can however be limited, as signal 
strength is highly dependent on the ratios between the atoms of a particular 
molecule. Size is therefore a great limiting factor for polymer NMR. 
 Whilst one of the advantages of 1H NMR is the ability gained to 
integrate peaks and calculate proton amounts; it can mean that in large 
molecules end groups can be lost as large signals, created by the back bone of 
a polymer through a build-up of symmetry from joining monomers, can drown 
out small end group signals and such signals can be lost in the noise. 
Additionally, since polymers are made up of the same monomer unit repeating 
many times asymmetry is often observed and although this makes elucidating 
the main structure of a polymer easy it limits information about direct bonding 
between two different blocks of a block copolymer. 
 Shortcomings of 13C NMR experiments can also stem from the fact that 
signals are dependent on the relaxation of the nuclei which can be affected by 
neighbouring groups. Despite minor drawbacks NMR can still be confidently 
applied for achieve structure elucidation and carbon and proton assignment. 
 Two-dimensional nuclear magnetic resonance spectroscopy (2D NMR) 
was employed in order to fully characterize the novel block copolymers. Two-
dimensional NMR involves a combination of methods used together in order to 
come to a logical elucidation of a structure as a support to traditional 1D NMR 
1H and 13C experiments. 
 In 2D NMR, two axes are plotted against each other and a contour 
diagram is produced. From the contour diagrams the following can be 
deduced: 1H-1H direct interactions, 1H-1H 2-4 bond interactions, 1H-13C direct 
interactions (direct bonds), 1H-13C indirect interactions (2-4 bonds distance) as 
well as spatial interactions between protons.    
 Correlation Spectroscopy (COSY) experiments identify nuclei that 
share (J) coupling. Although COSY experiments can be carried out for all 
high-abundance homonuclear spins COSY NMR is generally applied to 1H 
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spectra, as was the case also for this work. Both y and x frequency axes 
represent the 1D 1H spectrum of the molecule being analysed.  
 Heteronuclear Multiple-Quantum Correlation (HMQC) is a proton 
detected 2D experiment which provides information about direct through bond 
proton carbon interactions. The x frequency axis represents the 1H spectrum of 
the molecule of interest whilst the y axis represents its 13C spectrum. 
 Another proton detected experiment often employed is the 
Heteronuclear Multiple-Bond Correlation (HMBC). This method will 
generally detect 2JCH and 3JCH, with 4JCH sometimes observed. There is no 
relationship between the size of the contours observed and the bond distances 
they represent as a 2JCH can sometimes lead to a weaker correlation than a 3JCH. 
It is also important to note that not all long-range coupling will be observed, 
therefore HMBC experiments need to be supported by other 2D data for 
comprehensive structure elucidation [114]. The x and y frequency axes are 
plotted in the same manner as for a HMQC experiment. 
 Lastly a through-space NMR experiment was used in order to probe 3D 
structure and conformation. Nuclear Overhauser Effect Spectroscopy 
(NOESY) is usually applied to probe proton-proton interactions through space. 
A NOE spectrum will only show interactions of protons in close proximity, 
approximately 4 to 5 Å apart. 
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2.2 Synthesis and Characterisation PBocLTrp-b-PEG-b-
PBocLTrp  
 
 The PBocLTrp-b-PEG-b-PBocLTrp copolymers were synthesised 
following the route depicted in scheme 2.1.   
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Scheme 2. 1 Synthetic route to triblock co polymer. 
 
 Amino acid attachment occurs following ring opening via one or a 
combination of two mechanisms. The first possible mechanism was initially 
introduced in 1957 by Idleson and Blout [115] and is also known as the “primary 
amine” (PA) mechanism (scheme 2.2) involves the nucleophilic attack at the 
C5 position of the NCA ring is postulated where the primary amine acts as an 
initiator. Attachment is followed by ring opening, loss of carbon dioxide and 
the formation of a new primary amine. The newly formed moiety would then 
act as an initiator and attach to another NCA monomer leading to chain 
propagation occurring through a series of repeated reactions [115].  
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Scheme 2. 2 The “primary amine” mechanism for initiation and chain 
propagation of synthetic peptides. 
 
 
 The main drawback of the PA mechanism was the exclusion of strong 
bases as well as tertiary and secondary amines as initiators. To account for 
these shortcomings a second mechanism was published five years later by 
Bamford and Block [116] known as the “activated monomer” (AM) mechanism 
(scheme 2.3). This alternative is primarily an acid-base mechanism and can 
only be applied to N-unsubstituted NCA amino acids. The mechanism employs 
initiator driven proton elimination from the nitrogen of the NCA ring where 
the newly activated monomer would attack another NCA. Through ring 
opening, the release of carbon dioxide and reprotonation by the conjugate acid 
of the initiator, a dimer is then formed. 
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Scheme 2. 3 The activated monomer mechanism 
 
 Dimer formation is followed by chain propagation, occurring through the 
PA mechanism as previously described [117]. In short, nucleophilic addition at 
the C5 position of a fresh NCA moiety is followed by ring opening, carbon 
dioxide loss, proton transfer and subsequent regeneration of the terminal 
primary amine. The newly formed chains are however bifunctional, leaving 
open the possibility for coupling. Two pathways for chain propagation are 
therefore possible. The first involves further NCA attachment through primary 
amine mechanism and the second involves chain coupling (scheme 2.4). 
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Scheme 2. 4 Possible pathways for activated monomer mechanism chain 
propagation: a) Chain extension via PA mechanism; b) Chain extension via 
chain coupling. 
48 
 
 
 However, the AM mechanism does not account for strong bases as 
initiators due to the unlikelihood of a carbamate ion eliminating a proton from 
a weak conjugate acid. Additionally strong base initiation leads to increases in 
rates of polymerisation two orders of magnitude larger than those of a primary 
amine initiated reaction. The same can be said for tertiary amines, and since 
propagation is said to occur through the primary amine mechanism the 
difference between initiation and propagation rates is unclear  [118]. 
 The two mechanisms can be summarised as follows:  
1) The Idelson-Blout PA mechanism is applied only to primary amine 
initiators and occurs via initiator attachment to the growing peptide 
chain. 
2) In the Bamford-Block AM mechanism the initiator plays a 
“bystander” role and acts more like a catalyst. For this mechanism 
secondary and tertiary amines as well as for hydroxides and 
methoxides may act as initiators. 
 Goodman et al. proved that when strong bases are present the Bamford-
Block MA mechanism occurs and the initiation process is a pure acid-base 
reaction which involves abstraction of a hydrogen atom from the NCA ring. 
Whether the NCA is N-substituted or N-unsubstituted will determine which 
hydrogen atom is involved in this process. In the case of N-unsubstituted 
NCAs the more acidic hydrogen is the one attached to the nitrogen atom of the 
NCA ring therefore this hydrogen will be abstracted. In the case of N-
substituted NCAs the hydrogen will come from α carbon (scheme 2.5) [118]. 
  By 2006 it was accepted that both the mechanisms proposed by Indleson-
Blout and Bamford-Block namely the primary amine and the activated 
monomer mechanisms could occur and in some instances they can occur at the 
same time in competition with one another [76] 
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Scheme 2. 5 Hydrogen abstraction mechanism from N-unsubstituted and N-
substituted NCAs. 
 
 In the present study a primary amine initiator was used as well as a Boc 
protected NCA amino acid. Since primary amines are more nucleophilic than 
basic the initiation of the PBocLTrp-b-PEG-b-PBocLTrp as well as the PEG-b-
PBocLTrp syntheses is believed to occur via the Indelson-Blout PA 
mechanism. Chain propagation is also believe to follow the same mechanism 
with the resulting secondary amine acting as a nucleophile, as shown in 
scheme 2.6. 
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Scheme 2. 6 Proposed initiation and propagation mechanism for synthesis of 
PBocLTrp-b-PEG-b-PBocLTrp and PEG-b-PBocLTrp bock copolymers. Note: 
Only the mechanism for PEG-b-PBocLTrp is shown for simplicity. 
 
 In order to confirm amino acid attachment a combination of nuclear 
magnetic resonance (NMR), attenuated total reflectance spectroscopy (ATR) 
as well as gel permeation chromatography (GPC) were employed. 
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2.2.2 NMR and ATR Characterisation of PBocLTrp-b-PEG-b-
PBocLTrp in d6-DMSO 
  
NMR spectra of starting materials and newly synthesised PBocLTrp-b-
PEG-b-PBocLTrp copolymers were first collected in deuterated dimethyl 
sulfoxide (d6-DMSO). The BocLTrp NCA starting material exhibited peaks in 
the aromatic region of the 1H spectrum, between 7.60 to 6.90 ppm, which were 
assigned to the indole region. A singlet centred at 5.11 ppm was attributed to 
the α proton and the β protons resonate as a doublet of doublets centred at 3.05 
ppm. The methyl protons of the t-Boc protecting groups were observed at 1.55 
ppm (Figure 2.2). A chemical shift (δ) at 3.60 ppm characteristic of CH2 is 
observed in the BAPEG 1H spectrum (Figure 2.3) 
12 10 8 6 4 2 0
ppm
 
Figure 2. 2 1H NMR of BocLTrp NCA in d6-DMSO 
52 
 
12 10 8 6 4 2 0
ppm
 
Figure 2. 3 1H NMR of BAPEG in d6-DMSO 
 
 For the full characterisation of PBocLTrp-b-PEG-b-PBocLTrp block 
copolymers a combination of 1D and 2D NMR experiments were employed. 
Firstly 1H, 13C and DEPT-135 NMR spectra were collected. A systematic 
approach was then taken to assign all protons and carbons of the newly 
synthesised copolymers. 
 The 1H NMR spectra of the newly synthesized PBocLTrp-b-PEG-b-
PBocLTrp copolymers presented a relatively unchanged indole region (7.60 to 
6.90 ppm ) however the quartet of the BocLTrp NCA α proton disappeared 
from the spectrum and  a new multiplet was observed, centred at 4.13 ppm. 
The methyl protons of the t-Boc protecting group were also observed to shift 
from 1.55 ppm to 1.33 ppm whilst the β protons still resonated around 3.05 
ppm. The CH2 protons of BAPEG, being far from the newly formed bonds, 
also remained unchanged (figure 2.4). 
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Figure 2. 4 1H NMR in d6-DMSO of: a) BocLTrp NCA (8 ppm-3ppm 
expansion), b) representative PBocLTrp-b-PEG-b-PBocLTrp copolymer (8 
ppm- 3ppm expansion) and c) representative PBocLTrp-b-PEG-b-PBocLTrp 
copolymer full spectrum. 
 
 In the 13C of the BocLTrp NCA starting material  three carbonyl peaks 
are observed at 167.73, 148.20 and 147.14 ppm respectively (Figure 2.5 a). 
Following polymerisation it was noted that one peak disappeared completely 
from the spectrum leaving only two carbonyls, one at 173.51 ppm and one at 
155.94 ppm (Figure 2.5 b). Based on data from DEPT-135 and 2D correlation 
NMR studies (tables 2.1 and 2.2), it was concluded that the carbonyl 
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resonating at 173.51 ppm was that of the t-Boc protecting group and the 
second carbonyl was now part of the newly formed peptide bond, therefore the 
displacement of the third carbonyl occurred as expected (along with the 
oxygen) in the form of CO2 as the peptide bond forms. 
 
 The rest of the 13C peaks remain the same for both the BocLTrp NCA 
and BAPEG starting materials (figures 2.6 and 2.7), indicating that only 
carbons close to the newly formed substituted peptide back bone have 
undergone a change significant enough to influence NMR spectra. The 2D 
correlations which lead to structure elucidation are summarised in tables 2.1 
and 2.2. 
 
Figure 2. 5 13C NMR in d6-DMSO of: a) BocLTrp NCA (180 ppm-140 ppm 
expansion), b) PBocLTrp-b-PEG-b-PBocLTrp copolymer (180 ppm- 140 ppm 
expansion), and c) PBocLTrp-b-PEG-b-PBocLTrp copolymer full spectrum. 
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Figure 2. 6 13C NMR of BocLTrp NCA in d6-DMSO 
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Figure 2. 7 13C NMR of BAPEG in d6-DMSO 
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Table 2. 1 HMBC correlations for PBocLTrp-b-PEG-b-PBocLTrp in d6-
DMSO. 
1H δ (ppm) 13C δ (ppm) 
10.85 
110.3 
127.62 
136.67 
7.53 
110.3 
121.5 
127.62 
136.67 
7.34 
118.96 
127.62 
7.12-7.26 
110.3 
127.62 
136.67 
7.07 
118.55 
136.67 
6.99 
112.01 
127.62 
4.13 
27.39 
173.51 
3.05 
127.62 
173.51 
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Table 2. 2 Complete structure assignment of PBocLTrp-b-PEG-b-PBocLTrp 
copolymers in d6-DMSO.   
13C δ 
(ppm) 
DEPT-135 
elucidation 
1H attached 
(ppm)* 
1H 
multiplicity 
Molecule 
assignment** 
173.51 Quaternary ---------- ---------- t-Boc C=O 
155.94 Quaternary ---------- ---------- C=O 
136.67 Quaternary ---------- ---------- C-NH 
127.62 Quaternary ---------- ---------- Indole quaternary 
124.3 CH 7.12-7.26 m C2 
121.5 CH 7.07 t C5 
118.96 CH 6.99 t C6 
118.55 CH 7.53 d C4 
112.01 CH 7.34 d C7 
110.3 Quaternary ---------- ---------- C3 
78.81 Quaternary ---------- ---------- t-Boc 
70.36 CH2 3.51 s PEG CH2 
55.25 CH 4.13 m α-C 
27.39 CH2 3.05 m β-C 
28.70 CH3 1.33 s t-Boc CH3 
(*As determined from HMQC experiments. **As determined from HMBC, 
HMQC and DEPT-135). 
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Figure 2. 8 HMBC spectrum of PBocLTrp-b-PEG-b-PBocLTrp copolymer in 
d6-DMSO. 
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Figure 2. 9 HMQC spectrum of PBocLTrp-b-PEG-b-PBocLTrp copolymer in 
d6-DMSO. 
 
2.2.3 NMR Characterization of PBocLTrp-b-PEG-b-
PBocLTrp in CDCl3 
 
 The ability of d6-DMSO to act as a strong solvating agent is linked to 
its ability to form hydrogen bonds with compounds it solvates. This property 
along with its high boiling point can make product recovery from d6-DMSO 
difficult. Since most block copolymer syntheses were carried out on a very 
small scale it was important to use an NMR solvent from which all products 
can be recovered, therefore deuterated chloroform (CDCl3) was used as a 
replacement. When CDCl3 was used as the NMR solvent some δ changes were 
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observed, as expected, due to solvent effects which occur when different 
deuterated solvents are used for analysis. 
 Although the majority of NMR spectra was collected in CDCl3, the full 
characterization of PBocLTrp-b-PEG-b-PBocLTrp as well as 1H and 13C 
spectra for the block copolymers used for the self-assembly studies, was 
collected in both CDCl3 and d6-DMSO, for confirmation. The need for 
confirmation in d6-DMSO stemmed from the unusual behaviour the polymers 
exhibited in CDCl3 where a new multiplet appeared in the spectrum of all 
PBocLTrp-b-PEG-b-PBocLTrp copolymers.  
 First 1H and 13C spectra of both starting materials were collected in 
CDCl3. The 1H  indole region of BocLTrp NCA starting material was observed 
between 7.62 and 6.95 ppm in the  1H spectrum in CDCl3. The α proton was 
observed as a quartet at 4.94 ppm, the β protons resonate as two doublets of 
doublets centred at 3.72 and 3.52 ppm respectively whilst the t-Boc methyl 
protons were observed at 1.60 ppm (Figure 2.10). The CH2 protons of the 
BAPEG starting material were observed at 3.60 ppm the chemical shift 
remaining the same for the PBocLTrp-b-PEG-b-PBocLTrp product (figure 
2.11). 
 In the PBocLTrp-b-PEG-b-PBocLTrp copolymer new resonance peaks 
at 3.27 ppm were assigned as the β protons and the t-Boc methyl protons shift 
to 1.41 ppm. However the assignment of the α proton was confounded by the 
appearance of two peaks one at 4.62 ppm and one at 5.10 ppm (Figure 2.12). 
The 1H integrations showed that both protons were equivalent, integrating 1 : 1 
to one another and integrating 1 : 2 to β proton 
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Figure 2. 10 1H NMR of BocLTrp NCA starting material in CDCl3. 
  
Figure 2. 11 1H NMR of BAPEG in CDCl3. 
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Figure 2. 12 1H NMR of PBocLTrp-b-PEG-b-PBocLTrp in CDCl3, the new 
peaks at 4.62 and 5.10 ppm shown by the red box. 
 
Figure 2. 13 13C NMR of PBocLTrp-b-PEG-b-PBocLTrp in CDCl3. 
180 160 140 120 100 80 60 40 20 0
ppm
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Table 2. 3 Proton and carbon chemical shifts in d6-DMSO and CDCl3 NMR 
solvents. 
Molecule 
assignment 
13C δ in d6-
DMSO 
(ppm) 
Corresponding 
1H δ in  
13C δ in 
CDCl3 
(ppm) 
Corresponding 
1H δ  CDCl3 
(ppm) d6-DMSO 
(ppm) 
t-Boc C=O 173.51 ---------- 172.74 ---------- 
C=O 155.94 ---------- 155.38 ---------- 
C-NH 136.67 ---------- 136.11 ---------- 
Indole 
quaternary 
127.62 ---------- 127.54 ---------- 
C2 124.3 7.12-7.26 122.84* 6.97 
C5 121.5 7.07 122.93* 7.19-7.07** 
C6 118.96 6.99 119.35* 7.19-7.07** 
C4 118.55 7.53 118.54* 7.53 
C7 112.01 7.34 111.22* 7.33 
C3 110.3 ---------- 109.79 ---------- 
t-Boc 78.81 ---------- 79.77 ---------- 
PEG CH2 70.36 3.51 70.4 3.6 
α-C 55.25 4.13 55.16 4.62 
t-Boc CH3 28.7 1.33 28.29 1.41 
β-C 27.39 3.05 27.95 3.27 
NH ---------- 10.85 ---------- 8.27-9.32 
 (*C2, C4, C5, C6 and C7 positions could not be assigned in CDCl3 and 
assignment is made based on shifts observed in d6-DMSO; **It is 
difficult to discern between C5 and C6 proton correlations in CDCl3) 
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  With the exception of peak shifts expected due to NMR solvent change, 
no other unusual behaviour was observed from the 13C specta of the starting 
materials or the PBocLTrp-b-PEG-b-PBocLTrp block copolymers and no new 
peaks were observed (Figure 2.11). 
 Resolved 2D correlations in CDCl3 for PBocLTrp-b-PEG-b-PBocLTrp 
block copolymers were summarised in table 2.3. From COSY spectra the 
proton at 4.62 ppm correlated to the β position, the C3 position as well as the t-
Boc C=O. Although the HMQC correlations observed were weak and difficult 
to resolve a correlation between the proton at 4.62 ppm and  the carbon at 
54.16 ppm was observed, whilst no correlation could be seen for the proton at 
5.10 ppm. It was therefore concluded that the proton at 4.62 ppm was the α 
proton. 
 From HMBC (Fig. 2.14) the proton at 5.10 ppm was observed to 
correlate to 54.16 ppm (newly assigned C α) as well as to the carbonyl of the t-
Boc protecting group at 172.74 ppm. A COSY experiment (Fig. 2.15 and Fig. 
2.16) also demonstrated that the new proton correlated to the α proton as well 
as to the β protons.  
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Figure 2. 14 HMBC spectrum of PBocLTrp-b-PEG-b-PBocLTrp copolymer in 
CDCl3. 
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Figure 2. 15 COSY spectrum of PBocLTrp-b-PEG-b-PBocLTrp copolymer in 
CDCl3. 
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Figure 2. 16 Expansion of COSY spectrum (5.6 ppm to 2.7 ppm) of 
PBocLTrp-b-PEG-b-PBocLTrp copolymer in CDCl3. 
 
 The unknown proton was attributed to the nitrogen of the amide bond, 
as depicted in red in figure 2.17. Protonation at this site is possible following 
deprotection, yet this was found not to be the case since the t-Boc group 
remained intact and still integrated to the expected number of nine protons. 
Therefore it was concluded that the protonation of the nitrogen occurs is 
induced by the chloroform solvent, with this type of solvent induced 
protonation having previously been observed by Wang [119] upon solvation of 
poly(N-isopropylacrylamide) PNIPAM in CDCl3.   
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Figure 2. 17 Protonation of the peptide back bone of PBocLTrp-b-PEG-b-
PBocLTrp block copolymers. 
 
 Protonation along the backbone of these block copolymers will be 
highly beneficial for their potential in pH triggered drug delivery, if back bone 
protonation can be used to destabilise or release drugs contained within the 
self-assembled aggregates of these copolymers. Drug delivery vehicles with 
pH triggers have been previously synthesised in the form of both AB and BAB 
block copolymers and used successfully in drug delivery trials [73, 101-102].  
It should be noted that all BAB as well as all AB type block 
copolymers exhibited the same δ both for 1H and 13C spectra therefore the peak 
assignment of the BAB copolymers was applied to the AB copolymers. 
.  
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2.2.4 ATR Characterization of PBocLTrp-b-PEG-b-PBocLTrp  
 
 The ATR spectra (Figure 2.18) is also in agreement with NMR spectra 
as the two NCA C=O stretching vibrations [115] of tryptophan at 1873 and 1812 
cm-1 are shown to disappear following synthesis, evidencing ring opening 
along with CO2 formation. The peak of absorbance at 1116 cm-1, representative 
of the C-O-C stretching vibration of PEG in the starting material, is still 
observed in the product as well as the absorbance peak at 2873cm-1 which is 
representative of the PEG methylene groups [112].  
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Figure 2. 18 ATR spectra of PBocLTrp-b-PEG-b-PBocLTrp copolymers and 
Boc-L-Trp NCA. 
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2.3 Synthesis Optimisation  
 
 The molecular weight (Mn) of the PBocLTrp-b-PEG-b-PBocLTrp 
copolymers was calculated by integrating the peaks of the resulting PBocLTrp 
homopeptide to the known CH2 peaks of PEG. 
 Several BAB block copolymers were synthesised in order to optimise 
reaction conditions. The influence of starting material feed ratios, reaction time 
allowed and temperature were investigated. The effect of reagent concentration 
in solution was also considered with concentrations of 3 % and 5 % w/v being 
compared. The success of the syntheses was assessed based on NCA 
conversion (investigated through 1H NMR integration) with the aim being 
complete conversion. Some of the most significant and representative 
syntheses carried out for comparison are summarised in table 2.4. 
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Table 2. 4 Effects of feed ratios, concentration, temperature and time on 
BocLTrp monomer attachment, Mn and yield of PBocLTrp-b-PEG-b-
PBocLTrp copolymers.  
Sample 
Name 
BAPEG 
: 
BocLTrp 
Feed 
Conc 
(w/v 
%) 
(g/ml) 
Temp 
(°C) 
Time 
(hrs) Mn* 
BocLTrp 
attached  
Yield 
% 
BAB 1 2 : 1 5 40 72 5,002 5 69** 
BAB 2 1 : 1 5 40 72 4,672 4 53** 
BAB 3 1 : 1.3 5 40 120 5,332 9 58** 
BAB 4 1 : 1 5 40 72 6,654 10 44 
BAB 5 1 : 2 3 40 72 3,350 0 0 
BAB 6 1 : 1.8 3 50 72 3,350 0 0 
BAB 7 1 : 1.8 5 40 72 7,976 14 49 
BAB 8 1 : 1.8 5 40 120 11,940 26 59** 
BAB 9 1 : 1.8 5 50 72 6,654 10 55 
BAB 10 1 : 2 5 40 72 13,923 32 66** 
BAB 11 1 : 2.5 3 40 96 3,350 0 0 
BAB 12 1 : 2.5 3 50 96 5,993 8 38 
BAB 13 1 : 2.5 5 40 96 7,976 14 46 
BAB 14 1 : 3 5 40 72 4,011 4 24 
BAB 15 1 : 3.5 3 40 96 7,976 14 28 
BAB 16 '1 : 3.5 5 40 72 3,350 0 0 
BAB 17 1 : 5 5 40 72 13,592 31 27 
BAB 18 1 : 11 5 40 72 11,610 25 78 
BAB 
19*** 1 : 1.8 5 40 96 16,566 40 80 
* as calculated through 1H NMR integrations; **yield of purified product, all 
other values represent crude yield as purification was not employed for those 
syntheses; *** synthesis achieved in DMF solvent 
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Feed ratio plays an important role in chain extension by controlling the 
amount of monomer and initiator available for synthesis. Therefore ratios 
between 2 : 2 and 1 : 1.8, BAPEG : BocLTrp, were tested with the majority 
favouring an excess of BocLTrp NCA. BAB 1 was the only polymer achieved 
with feed ratios in favour of BAPEG and consequently its PBocTrp chain was 
the shortest synthesised. For BAB 2, 3 and 4 the BocLTrp NCA feed was 
increased from 2 : 1 to 1 : 1.3 (BAB 2 and 3) and 1 : 1.5 (BAB 4) with little 
improvement being observed in regards to AA residue attachment. However a 
small increase in chain extension was observed for BAB 3 when compared to 
BAB 2 following an increase in reaction time (table 2.3). It was at the 1 : 1.8 
feed ratio that longer PBocTrp chains were successfully achieved.  
From this feed ratio onwards two different concentrations of starting 
material in solution were also investigated, namely 5  and 3 % w/v. It was 
noted that when a feed ratio of 1 : 1.8 was used at 3% solution concentration 
no protected AA residue attachment could be achieved after 72 hours (BAB 5), 
not even when the temperature was raised from 40 °C to 50 °C (BAB 6) from 
40 °C. For the synthesis of sample BAB 7 the same ratio of reagent achieved 
the attachment of 14 protected AA residues after 72 hours at 40 °C when the 
concentration of the solution was raised to 5 % w/v. It was found that when 
reaction time was increased to 120 hours 26 protected AA residues 
successfully attached whilst maintaining all other parameters the same, 
including feed ratio (BAB 8). When temperature was increased instead of 
reaction time however, chain extension seemed to be hindered with only 10 
AA residues having attached (BAB 9).  
 When BocLTrp NCA feed was increased only slightly to 1 : 2 in the 
synthesis of BAB 10, whilst the rest of the parameters were kept the same as 
BAB 7, the number of AA residues attached increased by 88 %. At the same 
feed ratio and temperature no attachment was observed when the 3 % 
concentration was tested (BAB 11). Increasing recation tome to 96 hours did 
not improve chain extension either. However, when the temperature was raised 
to 50 ºC, 8 AA residues were observed to have attached in BAB 12. A futher 
increase in the number of protected AA residues was achieved by raising the 
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solution concentration to 5 % (BAB 13) whilst maintaining all other 
parameters the same as for BAB 12. Although this showed an improvement 
over attachment achieved at lower concentration, the chain extension was not 
as effective as that achieved at lower feed ratios, particularly 1 : 2.  
 This observation was further supported by increasing feed ratios to 1 : 3 
(BAB 13), 1 : 3.5 (BAB 16), 1 :5 (BAB 17) and 1 : 11 (BAB 18). BAB 14 and 
BAB 16 achieved the poorest AA residue attachment overall whilst BAB 17 
and BAB 18 achieved good chain extension. However there was no 
improvement over feed ratios of 1 : 1.8 and 1 : 2. This could be explained by 
chain scission occurring as long chains break or perhaps not enough time being 
allowed for all BocLTrp NCA to participate in the reaction.  
This was supported by the synthesis of BAB 15, whereby at the unfavourable 
concentration of 3 %, 14 protected AA residues were observed after 96 hours, 
as opposed to the single attachment achieved for BAB 16 after 72 hours, with 
all other parameters being maintained the same.  At the 5 % w/v concentration 
a large improvement on chain extension was again observed with protected AA 
residue attachment increasing from 14 to 26, as time was increased from 72 to 
120 hours, for BAB 7 and BAB 8 respectively. 
It can therefore be concluded that in order to achieve optimum 
BocLTrp NCA conversion an increase in temperature or an increase in reaction 
time would both be recommended. An investigation of temperatures higher 
than 50 ºC in order to gauge their effect on BocLTrp NCA conversion would 
be beneficial however it was beyond the scope of this project. The role of 
solvent in chain attachment was not a key part of the investigation with only 
one copolymer was achieved using DMF as the solvent, namely BAB 19. For 
its synthesis a PEG : BocLTrp ratio of 1 : 1.8 was employed, further details of 
the synthesis being given in table 2.4. 
 As also shown in table 2.4, the feed ratio of reagents also played an 
important role in AA residue attachment. As expected, the more BocLTrp 
NCA is present the more protected AA residues are available for attachment. 
However, the results obtained show that a plateau was reached where despite 
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the addition of more BocLTrp NCA starting material no further chain 
extension can be achieved. This phenomenon has also been reported by Yuan 
and Deng [67] whom have noted that when using a mono amino PEG the 
amount of initiator used has a direct influence on the conversion of the NCA 
amino acid.  
In summary the optimisation of synthetic parameters such as feed ratio, 
solution concentration, temperature, time allowed for synthesis and solvent 
used, for the synthesis of PBocLTrp-b-PEG-b-PBocLTrp, nineteen copolymers 
were prepared and used for comparison. In total nine synthetic methods were 
employed, the names and a summarised description of each being listed in 
table 2.5.  
 
Table 2. 5 Methods A through to I employed in optimising parameters for 
PBocLTrp-b-PEG-b-PBocLTrp synthesis, irrespective of feed ratios. 
Method Solvent Solution conc. 
Temp. 
(ºC) 
Time 
(hrs) 
Method A 1,4-dioxane/CHCl3 (3/2) 5% 40 72 
Method B 1,4-dioxane/CHCl3 (3/2) 5% 40 96 
Method C 1,4-dioxane/CHCl3 (3/2) 5% 40 120 
Method D 1,4-dioxane/CHCl3 (3/2) 5% 50 72 
Method E 1,4-dioxane/CHCl3 (3/2) 3% 40 72 
Method F 1,4-dioxane/CHCl3 (3/2) 3% 40 96 
Method G 1,4-dioxane/CHCl3 (3/2) 3% 50 72 
Method H 1,4-dioxane/CHCl3 (3/2) 3% 50 96 
Method I DMF 5% 40 96 
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2.4 Purification of Block Copolymers  
 
 Firstly purification by precipitation from methanol was employed [120]. 
The block copolymers were dissolved in chloroform and precipitated from cold 
methanol. This method was not very effective as precipitation was only 
achieved for larger copolymers, namely those with 26 or more blocks attached. 
Another drawback was the presence of a methanol residual peak in 13C NMR 
even after drying under high vacuum. This problem was eliminated by 
replacing methanol with diethyl ether [67]. However, it was found that the 
product needed precipitation twice or in some cases three times to remove all 
unreacted BocLTrp NCA. Lastly, in order to remove any unreacted BAPEG, 
the end product was further dissolved in CHCl3 and washed with MiliQ water 
[67]. Due to small product yield achieved for the majority of test syntheses as 
well as the need for multiple purification steps only copolymers selected for 
use in self-asssembly studies were purified.  
The solvent used for most syntheses was a mixture of 1,4-dioxane 
(60%) and CHCl3 (40%). This particular mixture was chosen due to its ability 
to readily solubilise both starting materials and the end product, as well as their 
increased volatility when compared to other suitable solvents such as 
dimethylformamide (DMF) and dimethylsufoxide (DMSO). Although the use 
of DMF as solvent achieved a good yield and good peptide chain extension, 
product recovery proved to be very difficult as complete solvent removal could 
not be achieved even after several purification steps. The solvent mix of 1,4-
dioxane and CHCl3 was therefore favoured over the use of DMF as it made the 
purification of products less time consuming. However, a residual 1,4-dioxane 
peak was still observed in 1H and 13C NMR of some copolymers. Since 1,4-
dioxane is miscible with water, its presence in trace amounts was not viewed 
as a problem because for self-assembly studies, polymers were to be dialysed 
from organic solvent into water to remove any organic solvents and induce 
self-assembly (chapters 3 and 4). 
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2.5 NMR Evidence of Asymmetry 
 
 Since NMR spectra for all copolymers was first collected in CDCl3, due 
to ease of product recovery, and spectra in d6-DMSO was later collected for 
confirmation on those polymers chosen for further investigation, the NMR 
experiments in this section were collected in CDCl3.   
 Although symmetry was a great contributor to the ease of 
characterisation of the resulting copolymers, asymmetry needed to be 
considered in the case of copolymers with shorter PBocLTrp blocks. As can be 
seen from figure 2.19, a number of new peaks appeared in the spectrum 
amongst those already assigned. Impurity was ruled out as peaks persisted 
even after precipitation and column purifications. Similar peaks were 
consistently observed for all block copolymers with 10 or less AA residues 
attached.  
 For BAB 1 no information about the newly developed peaks could be 
gained from HMQC or HMBC spectra, with the reason for this being most 
likely weak signal strength.  COSY experiments (Fig 2.20) on the other hand 
revealed correlations between the acidic H and α H at 5.10 ppm and 4.62 ppm 
respectively and a correlation between 4.62 ppm and 3.27 ppm (β protons), as 
expected. Correlations however were also observed between the new peaks at 
5.36 ppm and 4.40 ppm, as well as between 4.40 ppm and the new multiplet 
centred at 3.04 ppm. It was therefore concluded that the peaks at 5.36 ppm, 
4.40 ppm and 3.04 ppm occur due to asymmetry and represent the acidic 
proton, the α and the β protons, respectively. A new peak was also observed at 
5.95 ppm which is also attributed to asymmetry. However no 2D correlations 
for this signal could be evidenced, poor signal strength being believed to be the 
causing factor.  
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Figure 2. 19 1H NMR spectra of BAB 1, new peaks occurring due to 
asymmetry are highlighted by a red box. 
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Figure 2. 20 Expansion of COSY spectrum area of interest for BAB 1 
copolymer in CDCl3. 
 
 For larger polymers such as BAB 10 small peaks at 5.36 ppm and 4.43 
were also observed neighbouring those already assigned at 5.10 and 4.62 ppm. 
For the largest diblock copolymer (AB 4) the large PBocLTrp block led to the 
formation of extra peaks which were very evident and persisted following the 
purification of the polymer. A COSY spectrum (Fig. 2.21)  revealed the 
expected correlations in the indole region along with correlations between the 
proton at 4.62 ppm (α) and that at 3.27 ppm (β) as well as the H resonating at 
5.10 ppm. The new peaks at 5.83 ppm and 4.44 ppm were found to correlate to 
one another and the peak at 4.44 ppm also correlated to 3.08 ppm. The peaks 
were assigned as the acidic proton at 5.83 ppm, the α  at 4.44 ppm and the β 
protons at 3.08 ppm. 
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 NOESY correlations (Fig. 2.22) evidenced interactions in the region of 
interest (6 to 4 ppm) between protons at 5.83 ppm and 5.10 ppm, 4.62 ppm and 
4.44 ppm as well as 5.10 ppm and 4.62 ppm, respectively, suggesting folding 
of the PBocLTrp block is also occuring. 
 It should be noted that peaks arising from asymmetry were included in 
integrations when the number of AA residues attached were calculated for 
relevant block copolymers and whilst indication of asymmetry was 
investigated primarily in CDCl3 it is also observed in d6-DMSO, in the form of 
a small neighbouring multiplet upfield from the α proton multiplet, with small 
chemical shift variations occurring as influenced by concentration. 
 
Figure 2. 21 Expansion of COSY spectrum area of interest, for BAB 10 
copolymer in CDCl3. 
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Figure 2. 22 Expansion of NOESY spectrum area of interest, for BAB 10 
copolymer in CDCl3. 
 
2.6 PBocTrp-PEG-PBocTrp copolymers for self-assembly  
 
  The polydispersity index (PDI) values of resulting block copolymers 
were measured using gel permeation chromatography (GPC). Although 
molecular weights measured GPC are not expected to bear much quantitative 
information due to the inadequacy of PS standards to accurately estimate the 
length of peptide chains [70] it has been demonstrated that this does not 
influence the measurement of PDIs [91]. The PDIs of the novel copolymers in 
this study were found to be very low (table 2.6) suggesting purification led to 
the isolation of non polydisperse copolymers. 
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Table 2. 6 Mn, PDI, block ratios and number of protected amino acid residues 
attached (AAs) of PBocLTrp-PEG-PBocLTrp triblock copolymers selected for 
self-assembly and conformational studies.  
BAB Mn (NMR) PDI 
PEG   
Mn  
BocLTrp 
Mn* 
PEG:BocLTrp 
ratio 
AA 
res. 
BAB 1 5,002 1.04 3,350 1,652 2 : 1 5 
BAB 8 11,940 1.02 3,350 8,590 1 : 2.5 26 
BAB 10 13,923 1.03 3,350 10,573 1 : 3 32 
BAB 19 16,566 1.02 3,350 13,216 1 : 4 40 
*value determined from NMR integrations 
  
2.7 Synthesis and Characterization of PEG-b-PBocLTrp 
 
 Four PEG-b-PBocLTrp block copolymers with a PEG segment of Mn  
2,000 and varied hydrophobic PBocLTrp block lengths were synthesised, 
purified and chosen for self-assembly studies to assess the influence of 
hydrophobic block length on the self-assembly of AB block copolymers. AB 1 
to AB 4 copolymers were synthesised using either synthetic method A or C 
and this information along with sample names, number average molecular 
weight, AA residues attached  (as determined from NMR integrations), yield 
after purification and PDI are summarised in table 2.7.  
 Three PEG-b-PBocLTrp block copolymers (copolymers AB 5, AB 6 
and AB 7) with a PEG segment of Mn 5,000 were synthesised via methods B 
and C and the characteristics of these copolymers are summarised in table 2.8. 
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Table 2. 7 Feed ratios, synthetic methods applied, number average molecular 
weights, number of protected AAs attached, yield and PDI values of PEG-b-
PBocLTrp AB type block copolymers incorporating PEG Mn  2,000  
AB 
PEG : 
PBocLTrp 
Feed 
Method 
used 
Mn* 
AB 
Mn* 
BocLTrp  AAs 
Yield 
% PDI** 
AB 1 1 : 1 C 2,990 990 3 45 1.03 
AB 2 1 : 2 C 5,304 3,304 10 38 1.03 
AB 3 1 : 5 A 10,260 8,260 25 33 1.02 
AB 4 1 : 5 C 266,000 264,000 ~800 24 1.06 
*value determined from NMR integrations, ** from GPC 
 
Table 2. 8 Feed ratios, synthetic methods applied, number average molecular 
weights, number of protected AAs attached, yield and PDI values of PEG-b-
PBocLTrp AB type block copolymers incorporating PEG Mn  5,000 
AB 
PEG : 
PBocLTrp 
Feed 
Method 
applied 
Mn* 
AB 
Mn* 
BocLTrp  AAs 
Yield 
% PDI** 
AB 5 1 : 3 C 6,552 1,552 5 35 1.08 
AB 6 1 : 2 B 7,643 2,643 8 56 1.07 
AB 7 1 : 3 C 11,608 6,608 20 37 1.08 
*value determined from NMR integrations, ** from GPC 
 All seven AB block copolymers were purified through a combination of 
precipitation and column chromatography in order to attain the final product. 
NMR and ATR spectroscopies were employed for characterisation purposes 
and results were comparable to those achieved for the PBocLTrp-b-PEG-
PBocLTrp block copolymers. Representative NMR spectra of the AB block 
copolymers are given in figures 2.23, 2.24, 2.25 and 2.26. 
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Figure 2. 23 1H NMR of AB 3 in d6-DMSO 
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Figure 2. 24 13C NMR of AB 3 in d6-DMSO 
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Figure 2. 25 1H NMR of AB 6 in d6-DMSO. 
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Figure 2. 26 13C NMR of AB 6 in d6-DMSO. 
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2.8 Conclusion  
 
 In this chapter BAB and AB block copolymers incorporating the 
hydrophilic block PEG and hydrophobic block PBocLTrp were successfully 
synthesised using primary amine initiated, ring opening polymerisation of the 
NCA Boc protected tryptophan amino acid. Four BAB copolymers and seven 
AB copolymers were synthesised using this method and selected based on their 
molecular weights, for further investigation in self-assembly studies.  
 PBocLTrp-b-PEG-b-PBocLTrp copolymers were synthesised and 
characterised with BAPEG Mn 3,350 as the hydrophilic block. The synthesis of 
the BAB copolymers was used to optimise synthetic parameters such as feed 
ratios, reagent concentration in solution, temperature as well as time allowed 
for synthesis to proceed. Feed ratio and PBocLTrp chain growth were found to 
be directly proportional up to the ratio of 1 : 2 (PEG : NCA BocLTrp). Higher 
ratios led to the formation of copolymers with shorter hydrophobic chains. 
Based on the synthetic parameters investigated herein the ideal temperature for 
BocLTrp attachment and chain extension was found to be 40 °C, whilst the 
ideal concentration of starting materials in solution was determined to be 5 % 
w/v. Time allowed for synthesis also played a role in chain extension, with 
longer chains being achieved when 72 hours or more were allowed for 
synthesis to proceed. 
 Characterisation of the block copolymers was achieved using a 
combination of 1D and 2D NMR as well as ATR spectroscopies. Protonation 
of the PBocLTrp backbone was evidenced by NMR spectroscopy in CDCl3.  
 Four BAB copolymers, BAB 1, BAB 8, BAB 10 and BAB 19 were 
purified and chosen for further self-assembly studies. The four were chosen 
due to their respective PBocLTrp chain lengths which vary in size from 5 
amino acid residues to 40. Seven AB type copolymers were also chosen for 
self-assembly studies. AB 1, AB 2, AB 3 and AB 4 possess PEG chains of Mn 
2,000 and increasing length of PBocLTrp whilst AB 5, AB 6 and AB 7 were 
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synthesised with PEG chains of Mn 5,000 and increasing hydrophobic chain 
lengths. The PDI values of all copolymers chosen for self-assembly, both BAB 
and AB type, were low between 1.02 and 1.07. 
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Chapter Three_____________________________ 
 
3. Aqueous Self-assembly of Poly(Nα-Boc-L-
tryptophan)-block-poly(ethylene glycol)-block-
poly(Nα-Boc-L-tryptophan) Triblock 
Copolymers 
 
3.1 Introduction 
  
 The amphiphilic PBocLTrp-b-PEG-b-PBocLTrp triblock copolymers, 
consisting of hydrophilic PEG and hydrophobic PBocLTrp blocks, can self-
assemble to form micelles in aqueous milieu [121] once the critical micelle 
concentration (CMC) of the solution is reached. In this chapter the self-
assembly and secondary structure characteristics above CMC of four selected 
BAB block copolymers are presented.  
 BAB 1, BAB 8, BAB 10 and BAB 19 were specifically chosen based 
on their molecular weights to better understand the effects an increase in the 
length of the PBovLTrp block has on the behaviour of BAB copolymers in 
aqueous solution. The CMC of each copolymer was estimated using 
fluorescence spectroscopy.  
 In this work CMC measurements were carried out using fluorescence 
spectroscopy with the aid of the fluorescent probe, pyrene. Being a 
hydrophobic molecule pyrene is poorly water soluble  and in the presence of 
aggregates of amphiphilic molecules it becomes incorporated within the 
hydrophobic core. The ratio between the first and the third peaks (I1/I3) of the 
fluorescence emission spectrum of pyrene is highly sensitive to changes in the 
microenvironment of the probe, thus when pyrene shifts towards the 
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hydrophobic core of a micelle or aggregate, changes in this ratio occur [30-31, 46]. 
A ratio of around 1.75 to 1.80 [47]  is usually representative of the probe in an 
aqueous environment whereas a sudden drop in this ratio is generally observed 
as the probe becomes incorporated into the hydrophobic core. A plot of I1/I3 
versus varying concentrations of amphiphilic polymer in solution is therefore 
used to indicate the onset of CMC [48-49]. 
 Whilst fluorescence spectroscopy is a useful tool for the determination 
of the onset of aggregation it does not provide information on morphology or 
size of aggregates. Therefore in order to determine the morphology of the BAB 
aggregates transmission electron microscopy (TEM) imaging was employed. 
The size of aggregates in solution was measured with the aid of dynamic light 
scattering (DLS). DLS was also employed to measure the polydispersity index 
of aggregates, which is indicative of in-solution size distribution. 
 PBocLTrp hydrophobic blocks of varying Mn, incorporated into the 
four BAB copolymers, were investigated for their influences on self-assembly 
of the block copolymers, and the secondary structure of the PBocLTrp blocks. 
Circular dichroism (CD) was employed for the elucidation of the secondary 
structure of PBocLTrp blocks in solution. CD yields useful information of 
peptide and protein secondary structure in solution through the differential 
absorption of right-handed and left-handed circularly polarized light [122]. 
 Alpha-helices usually exhibit two CD minima, one at 222 nm and one 
at 208 nm as well as maxima at 193 nm. Beta-sheets, on the other hand, exhibit 
a minima at 218 nm and a maxima at 195 nm whilst β-turns show a slight 
minima around 190 nm with a strong maxima near 208 nm. More unusual 
secondary structure characteristics are those of the collagens which are found 
to form triple helices, when three strands wrap around one another, each strand 
having an extended helical conformation resembling that of poly-L-proline II 
(PPII) and involving precisely 3 residues per turn [123].  
 PPII secondary structures exhibit CD spectra similar in shape to that of 
random coil conformation, however differing in intensity. Representative CD 
spectra for pure conformations are shown in figure 3.1 along with the CD 
spectrum of denatured collagen whose disordered or random conformation 
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gives rise to a negative band at 195 nm and a very low positive band above 210 
[122].   
 
 
Figure 3. 1  (1) α-helix (2) antiparallel β-sheet, (3) extended, (4) collagen 
triple helix and (5) denatured collagen (random coil) (image from Greenfield 
[122]). 
 
 Although CD provides an easy method for determining peptide 
structure in solution, the analysis of spectra can be complicated by the presence 
of more than one secondary structures in the folding of the same peptide. In 
such cases data analysis software is applied in order to gain information about 
the percentages of secondary characteristics present. There is a range of 
software available for CD data analysis such as CONTIN, MLR, CCA and 
K2D, each employing a different type of analysis. The suitability of curve 
fitting software used is dependent on the type of peptide analysed [122].  
 LINCOMB calculations were performed using the CCA+ software to 
estimate secondary structure percentages for each BAB triblock due to their 
higher suitability for analysing synthetic peptide structures. 
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3.2 CMC Estimation of BAB triblock Copolymers 
 
 For all four systems, the I1/I3 remained constant at a value between 1.75 
and 1.8 at low block co-polymer concentration indicating the presence of free 
pyrene in solution; however for all four systems, as the solution concentration 
increased, the I1/I3 gradually decreased until a plateau was reached at a value 
of ca. 0.9 for BAB 1, BAB 8 and BAB 10 and ca. 1.1 for BAB 19 (Fig. 4), 
indicating the partitioning of pyrene into a hydrophobic environment. The 
CMC was taken as the intercept of the rapidly varying part (the slope) and the 
almost horizontal plateau reached at high concentration of the I1/I3 plots [124-
127]. 
 Data extrapolated from the curves showed that the BAB 1 copolymer 
has a CMC of 3.2 x 10-4 g mL-1 whilst BAB 8, which has larger hydrophobic 
blocks, exhibited a decreased CMC of   2.2 x 10-4 g mL-1. BAB 10 and BAB 19 
copolymers which consisted of the largest hydrophobic blocks out of all four 
BAB copolymers investigated, exhibited even lower CMCs of 1.0 x 10-4 g mL-
1 and 1.1 x 10-4 g mL-1 respectively, suggesting that once the hydrophobic 
block reaches a certain length it no longer bears such large influence over the 
decrease in CMC. 
 These findings indicate that PBocLTrp-b-PEG-b-PBocLTrp triblock 
copolymers self-assemble at CMCs similar to those of poly(L-leucine)-b-
poly(ethylene glycol)-b-poly(L-leucine) (PLL-b-PEG-b-PLL). In the latter,  
PEG of Mn 3,000 was incorporated as the hydrophilic middle block for hybrid 
PLL-b-PEG-b-PLL copolymers of varying molecular weights [128]. 
 From the estimated CMC data it was also found, as expected, that an 
increase in the hydrophobic blocks led to a decrease in CMC at the same 
hydrophilic block length. The decrease is however more dramatic when the Mn 
of the hydrophobic blocks increase from being lower than that of the 
hydrophilic block to being more than 2.5 times greater, as in the case of BAB 1 
and BAB 8 respectively. Once the hydrophobic blocks reach a Mn 3 and 4 
times greater than the Mn of PEG, the CMC seemed to be less affected by 
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block length. This being demonstrated by the CMC values observed for BAB 
10 and BAB 19, 1.0 x 10-4 g mL-1 and 1.1 x 10-4 g mL-1 respectively.  
 Similar behaviour at larger hydrophobic block lengths has previously 
been reported by Sun et al. [79] for BAB triblock copolymers of poly(ε-
benzyloxycarbonyl L-lysine)-block-poly[diethylene glycol bis(3-amino propyl) 
ether]-block-poly(ε-benzyloxycarbonyl L-lysine) (PZLL-b-DGBE-b-PZLL). 
The authors reported a decrease in CMC values which coincided with an 
increase in hydrophobic block length, from 5.25 x 10-3 g l-1  to 1.05 x 10-3 g l-1.  
However, once the hydrophobic blocks became substantially larger than the 
middle hydrophilic segments (at molar ratios of 1 : 125 and 1 : 175), a less 
significant drop in CMC was observed, from 0.86 x 10-3 g L-1  to 0.72 x 10-3 g 
L-1 [79].  
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Figure 3. 2 Variations of I1/I3 as a function of concentration PBocLTrp-b-
PEG-b-PBocLTrp a) BAB 1 b) BAB 8, c) BAB 10 and d) BAB 19; e) typical 
fluorescence spectra of pyrene in aqueous PBocLTrp-b-PEG-b-PBocLTrp at 
various BAB 8 concentrations (for clarity only 5 representative curves are 
shown; since all copolymers display similar curves only fluorescence spectra 
of BAB 8 has been included). 
1.1 x 10-3 g/mL  
6.4 x 10-4 g/mL 
4.8 x 10-4 g/mL 
3.2 x 10-4 g/mL 
3.0 x 10-5 g/mL 
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3.3 Aqueous Self-assembly of BAB Triblock Copolymers 
 
 The influence of initial solvent over the resulting aggregate size is a 
well-known phenomenon, [3] therefore two organic solvents, acetone and 
DMSO, were investigated for their influence over the self-assembly of 
PBocLTrp-b-PEG-b-PBocLTrp copolymers. Acetone was the initial solvent 
employed and solutions of 0.5 mg mL-1 were prepared by dialysis from the 
organic solvent into Mili Q water. TEM and DLS techniques were used to 
study the morphology of aggregates formed by the four triblock copolymers. 
Monomodal distributions for BAB 1, BAB 8 and BAB 10 (Fig. 3.3) 
were observed above CMC with relatively low PDI values (Table 1) indicating 
the formation of spherical aggregates of uniform size [129]. The z-average 
hydrodynamic diameter (Dh) of BAB 1 size of 169 nm was observed whilst for 
BAB 8 and BAB 10 sizes of 179 and 218 nm were observed respectively. For 
BAB 19, however, large aggregating particles with Dh values of 721 nm could 
be detected even following filtration through both 4 and 2 μm filters.  
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Table 3. 1 Estimated CMC values, PDI of micelles from DLS, hydrodynamic 
diameters from DLS (Dh) and micelle diameter as evidenced by TEM (diam.) 
of  PBocLTrp-b-PEG-b-PBocLTrp BAB aggregates in aqueous solution.  
BAB  CMC (g mL-1) HLB PDI
a PDIb Dh (nm)a 
Dh 
(nm)b 
Diam. 
TEM 
(nm)a 
Diam. 
TEM 
(nm)b 
BAB 
1 3.2 x 10
-4 13.39 0.221 0.227 169 168 150 65 
BAB 
8 2.2 x 10
-4 5.61 0.334 0.359 179 193 120 95 
BAB  
10 1.0 x 10
-4 4.81 0.26 0.335 218 196 130 100 
BAB 
19 1.1 x 10
-4 4.64 0.373* 0.656 721* 699 25 50 
 
( a denotes aggregates prepared from acetone, b denotes aggregates prepared 
from DMSO, * large aggregating particles detected). 
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a)   
b)   
c)   
d)   
Figure 3. 3 DLS size distribution by number histograms of a) BAB 1, b) BAB 
8, c) BAB 10 and d) BAB 19 micelles dialysed from acetone. 
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 The morphologies of the four BAB self-assembled copolymers were 
next examined by TEM. Spherical micelles with an average of 150,120 and 
130 nm sizes were obtained for the BAB 1, BAB 8 and BAB 10 copolymers, 
respectively (Fig 3.4 a, b and c). TEM visualization revealed spherical micelles 
with solid cores, thus demonstrating that the three BAB copolymers self-
assemble above their CMCs to form flower-like micelles.  
 The TEM stain used in this work stains the hydrophobic PBocLTrp 
block therefore only the hydrophobic domains are observed when imaging. 
Also as TEM determines micelle dimensions in the dry state while DLS reports 
the z-average dimensions of micelles in solution, which contains considerable 
contribution from the swollen corona, the micelle sizes determined by TEM 
are expected to be smaller than those determined by DLS [130-132].  
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Figure 3. 4 TEM images of a) BAB 1, b) BAB 8, c) BAB 10 and d) BAB 19 
micelles dialysed from acetone. 
 
 The difference noticed between DLS and TEM sizes for BAB 19 
copolymers was a lot larger. DLS measurements for this copolymer evidenced 
particles with hydrodynamic diameters of 721 nm as well as larger aggregating 
particles. TEM imaging of BAB 19, on the other hand, revealed small 
spherical aggregates as small as 25 nm in diameter.  
 The reason for such discrepancy is believed to be the formation of 
thermodynamically favoured interconnected networks of spherical aggregates. 
When such aggregation occurs the hydrophobic blocks of the BAB copolymer 
are incorporated into the cores of more than one micelle, as shown in figure 
1.5. This form of aggregation leads to link formation between two or more 
micelles, thus forming networks of micelles linked together [133]. Such 
aggregation for BAB 19 would explain the presence of hydrophobic cores 
within close proximity to one another as shown by TEM, indicating the 
presence of individual micelles, as well as the presence of large aggregates in 
solution evidenced by the DLS measured Dhvalues, suggesting the formation 
of networks. 
100 nm 
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 The influence of the organic solvent used for copolymer dissolution 
upon self-assembly was investigated next, by substituting acetone with DMSO 
and preparing solutions of the four copolymers using the same dialysis method 
and at the same concentration (0.5 mg ml-1). 
The results obtained using DMSO as the initial solvent were similar to 
those using acetone, with monomodal distributions being observed for all four 
copolymers. BAB 1, BAB 8 and BAB 10 (Fig. 3.5) self-assembled into 
aggregates with Dh sizes of 168, 193 and 196 nm respectively and with 
relatively low PDI values, as shown in table 3.1. BAB 19 was again found to 
form large aggregates once more, with a measured Dh of 699 and a PDI of 
0.656 whilst TEM imaging (Fig. 3.6) of the same polymer revealed spherical 
micelles with average diameters of 50 nm. It was therefore concluded that the 
BAB 19 copolymer self-assembles into interconnected networks of spherical 
micelles despite the initial organic solvent used for its dissolution. 
 The hydrodynamic diameters of all micelles, formed from both acetone 
and DMSO initial solvents, were observed to increase with an increase in 
hydrophobic block length. This observation is attributed to the stretching of the 
hydrophobic core resulting from the increasing hydrophobic block and thus 
leads to an overall increase in hydrodynamic diameter [3]. It was however noted 
that aggregates formed from DMSO initial solvent possessed smaller Dh when 
compared to their counterparts formed from acetone, with the exception of 
BAB 8. The aggregates prepared from DMSO also exhibited cores which 
increased in size along with an increase in hydrophobic block length (Fig. 3.6) 
whilst aggregates prepared form acetone exhibited the opposite trend. Due to 
these observations it is believed that DMSO is a preferred solvent for 
PBocLtrp and  therefore a better initial solvent for block copolymers of PEG 
and the PBocLTrp. It was also noted that whilst the cores visualised by TEM 
for micelles of BAB 1, BAB 8 and BAB 10 prepared from DMSO increased 
along with hydrophobic block length increase, as expected, the core sizes of 
aggregates formed from acetone ranged from 150 nm to 120 to 130 nm, 
respectively. This observation once more supports DMSO as being the 
preferred solvent, with the discrepancy observed for acetone prepared micelles 
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being believed to occur due to the average size being reported for aggregates 
with a rather large PDI, as observed from figure 3.4. 
 BAB 19 on the other hand showed the opposite trend, with the cores of 
micelles prepared from DMSO (Fig. 3.6 d) being twice as large as those 
prepared from acetone (Fig. 3.4 d); whilst the overall size of the micelle 
networks formed from acetone were only larger by 22 nm than their DMSO 
counterparts . This observation suggests that more polymer chains are 
interacting with one another when the micelle networks are prepared from 
DMSO as opposed to when they have been prepared from acetone. Without 
further investigation the only conclusion to be drawn is that the choice of 
initial solvent carries great importance over this interaction, with DMSO 
making more polymer chains available to one another than acetone does. 
 However, in cases concerning hybrid copolymers such as the 
PBocLTrp-b-PEG-b-PBocLTrp, other factors capable of influencing not only 
self-assembly but also the subsequent stability and ability for drug loading are 
secondary structure characteristics of the peptide block. It is therefore of 
interest to gain an insight into what, if any, secondary structure the respective 
block is adopting. 
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a)  
b)  
c)  
d)  
Figure 3. 5 DLS size distribution by number histograms of a) BAB 1, b) BAB 
8, c) BAB 10 and d) BAB 19 micelles dialysed from DMSO. 
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Figure 3. 6 TEM images of a) BAB 1, b) BAB 8, c) BAB 10 and d) BAB 19 
micelles dialysed from DMSO. 
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3.4 Secondary Structure Estimation of BAB Triblock 
Copolymers 
 
 The secondary structure of the PBocLTrp blocks in an aqueous 
environment was examined using CD.  
 A suitable peptide concentration is required for successful CD 
measurements [122] and this was achieved by first preparing stock solutions of 
maximum concentration for all four copolymers, and diluting each to a 
concentration which gave the best CD spectrum. Since for the purpose of self-
assembly and subsequently drug delivery the secondary structure of 
copolymers above CMC is of interest, care was taken not to dilute solutions 
below respective CMCs.   
 Stock solutions of 4.6 x 10-4 g mL-1, 1.31 x 10-3 g mL-1, 1.22 x 10-3 g 
mL-1 and 1.16 x 10-3 g mL-1 were prepared for BAB 1, BAB 8, BAB 10 and 
BAB 19 respectively. Whilst the CD spectrum of BAB 1 was collected at the 
concentration of the stock solution dilutions were required for the other three 
copolymers. CD spectra for BAB 8, BAB 10 and BAB 19 were collected at 
concentrations of 2.62 x 10-4 g mL-1, 1.53 x 10-4 g mL-1 and 1.45 x 10-4 g mL-1, 
respectively. The curves shown in figure 3.7 were achieved from the 
aforementioned solutions. 
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Figure 3. 7 CD spectra of BAB block copolymers. 
 
 As shown in figure 3.7 the conventional β-sheet or α-helix 
conformations were not observed in the four spectra of the BAB block 
copolymers. Instead, an absorbance minima between 195 and 200 nm was 
present for all four triblocks. Such minima is usually observed for random coil 
as well as for the poly-L-proline II triple helix conformation, the per residue 
molar ellipticities of the band being much more negative for the latter. 
 In order to better understand the contribution of classical secondary 
structure characteristics to the above mentioned polymer hybrids the use of 
curve fitting software was employed. As previously mentioned there is a range 
of curve fitting software available for the analysis of CD data.  
 The reliability of the available software (depending on the type of 
application) has been addressed in detail by Norma Greenfield. Programs such 
as LINCOMB [134]  apply constrained least-squares fitting analysis to compare 
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the structure of unknown peptides and proteins with x-ray crystallography 
standards or from IR analysis whereas CONTIN [135] makes use of ridge 
regression for such comparisons and K2D [136] utilizes neutral network 
analysis. Such programs are best used for the analysis of synthetic peptides as 
they provide good standards for both α-helices as well as pure β-sheets which 
are most prevalent in such structures. All curve fitting programs represent 
peptide structure through a linear combination of the secondary structure 
spectra, plus a noise term inclusive of aromatic chromophore and prosthetic 
group contribution, as expressed by the following equation: 
θλ = ΣεiSλi + noise ;   
 Where: θλ = CD of the protein as a function of wavelength 
  εi = the fraction of each secondary structure i 
Sλi = the ellipticity at each wavelength of each ith secondary 
structural element 
 Programs using constrained least-squares analysis constrain the sum of 
the contribution of each spectrum to equal to one, therefore Σεi = 1 and εi  ≥ 1 
[122].  The CD spectrum analyser program CCA+ software performs 
constrained least-squares analysis (LINCOMB) and thus was used for the 
fitting of the curves shown in figure 3.7. The Brahms and Brahms data set was 
employed due to its suitability for use with short synthetic polypeptides. The 
data set makes use of four references namely: α-helix (from sperm whale 
myoglobin corrected for the contributions of turns and random coil and 
normalized to 1.0), β-sheet (from poly(lys-leu)n, random coil (from poly(pro-
lys-leu-lys-leu)n and β-turns (from poly(ala2-gly)n) [137]. The results from the 
LINCOMB analysis are presented in table 3.2.  
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Table 3. 2 Circular dichroism LINCOMB calculations for BAB 1, BAB 8, 
BAB 10 and BAB 19. 
Secondary structure percentages of PBocLTrp-b-PEG-b-PBocLTrp 
copolymers 
Copolymer α-Helix % 
Random 
coil % 
β-Sheet 
% 
β-Turn 
% 
NRMSD 
error 
BAB 1 36.53 54.63 8.74 ____ 1.24 
BAB 8 29.84 70.16 ____ ____ 3.51 
BAB 10 33.54 66.46 ____ ____ 3.64 
BAB 19 36.39 59.9 3.71 ____ 1.33 
 
 
 From the calculated results it was observed that the random coil 
conformation dominated all four copolymers and no β-turns were found to 
contribute to the structure of these copolymers. The α-helix structure was 
found to be more dominant than the β-sheet structure.  
 The software fits curves only to representative data sets of α-helices, β-
sheets, β-turns and random coils and does not account for the PPII 
contributions. Therefore contributions from PPII conformation within the 
secondary structure of BAB copolymers, must be evaluated visually from the 
CD curves.  
 Since the random coil conformation is no more than short PPII 
conformations interspersed with bends [138] the  CD absorption bands of the 
two secondary structures are very similar. However the PPII conformation 
exhibits stronger minima than random coil conformations, ellipticities in the 
range of -10,000 to -12,000 deg cm2 dmol-1 are often observed for random coil 
conformations whilst minima as low as -45,000 to -50,000 deg cm2 dmol-1 
have been observed for proteins with PPII conformations. For peptides with 
stronger minima a PPII percentage contribution can be estimated to be 
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influencing the overall conformation. Since the random coil conformation of 
denatured collagen exhibits a minima at -11,300 deg cm2 dmol-1 whilst 
polyproline II exhibits a minima at -46,000 deg cm2 dmol-1, the two figures can 
be used as references for the two conformations when determining percentage 
contribution of the two structures to a particular curve [139]. 
 The random coil conformation is often accompanied by weak maxima 
around 210 nm. However in a typical PPII CD spectrum this positive band is 
usually observed around 217 nm. Shifts to higher wavelengths around 225 nm 
are not unusual and have been reported for peptides rich in proline and 
hydroxyproline [123].  
  The CD spectrum of BAB 1 presents with a -8,200 deg cm2 dmol-1 
minima at 197 nm, a higher value than the absorbance of -11,300 deg cm2 
dmol-1 of a pure random coil. Positive increases in absorbencies in the 190-
200nm region are generally attributed to the presence of α-helices or β-sheets, 
this being further supported by LINCOMB analysis which found small 
percentage contributions from both these secondary elements (table 3.2).  
 Conversely the spectrum of BAB 8 exhibits a decrease in the minima at 
197 nm to approximately -17,300 deg cm2 dmol-1 accompanied by a slight 
increase and small shift in its maxima from 225 to 227 nm. These observations 
are consistent with and attributed to the possible presence of PPII secondary 
structure. Since the minima did not decrease to -46,000 deg cm2 dmol-1, as 
observed for conformations of pure PPII secondary structure, the decrease is 
attributed to the presence of a percentage of PPII secondary structure [139] in 
addition to other secondary structure elements, as shown through LINCOMB 
analysis.  
  The minima at 197 nm increases however, for BAB 10 and BAB 19 to 
-13,700 and -11,900 deg cm2 dmol-1 whilst the maximum at 227 nm is 
observed to decrease. Since BAB 10 exhibits a minima lower than -12,000 deg 
cm2 dmol-1, it was concluded that if the PBocLTyp block still exhibits some 
PPII character. This occurs in a small percentage and it coexists with classical 
secondary structures such as α-helices and β-sheets. The presence of the latter 
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was attributed to the decrease in the positive band at 227 nm which was no 
longer observed in the positive. The BAB 19 copolymer whose minima 
increased to -11,900 deg cm2 dmol-1 exhibits a very weak positive maxima at 
227 nm indicated that little to no PPII character was present [140]. Care must 
however be taken when interpreting contribution from the band at 227 nm. 
Aromatic functionalities of amino acids such as phenylalanine, tyrosine, 
tryptophan and histidine can interfere with CD spectrum of proteins. In 
particular, bands in the far UV region between 210 and 230 nm can be 
observed due to aromatic contributions with phenylalanine exhibiting bands 
between 210 and 215 nm whereas tryptophan and tyrosine usually exhibiting 
bands between 220 and 230 nm [141-142]. Whilst aromatic contributions can be 
of either negative or positive character L-amino acids have a tendency towards 
positive CD bands and tend to have a greater influence over the CD spectrum 
of peptides which exhibit weak contributions and peptides with low helical 
content [142]. 
 Considering the likelihood of aromatic contributions arising from the 
PBocLTrp blocks, conclusions about secondary structure conformation have 
been made by considering primarily the minima at 197 nm. It would therefore 
appear that some PPII character is present for the BAB 8 copolymer, which is 
lost in the longer PBocLTrp blocks of BAB 10 and BAB 19. 
 The presence of PPII secondary structure is not unexpected when 
considering the back bone of the PBocLTrp blocks. Since the presence of the t-
Boc protecting group removes the possibility of the amide NH being involved 
in any hydrogen bonding it was hypothesized that α-helix formation would be 
initiated by hydrogen bonding between the indole ring [111] and the t-Boc 
groups [107]. However the presence of the pendant indole groups along with the 
t-Boc protecting groups suggests the possibility of steric hinderance which in 
turn may lead to the PPII conformation, as has been observed for the BAB 8 
copolymer. 
 PPII secondary structure in a homopeptides is not often encountered. 
However it has been previously reported for poly(L-lysine) (PLys) conjugated 
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to a PEG block. The PLys block was found to exhibit an α-helix conformation 
at basic pH whilst switching to a random coil conformation as pH increased 
[68]. The latter being proven to be in fact a PPII triple helix [123]. This type of 
conformation is not restricted to proline and lysine based peptides with PPII 
helix formation also being observed for poly(L-histidine) [72] as well as for 
poly(glycine), poly(glutamate) and poly(aspartate) [143]. 
 
3.5  Conclusion 
 
 In summary the self-assembly and secondary structure of amphiphilic 
triblock copolymers of PEG and PBocLTrp of four different molecular 
weights, namely BAB 1, BAB 8, BAB 10 and BAB 19 was investigated. The 
CMC of each of the three systems was estimated using fluorescence 
spectroscopy. The CMC values extrapolated from the curves were 3.2 x 10-4 g 
ml-1, 2.2 x 10-4 g ml-1, 1.0 x 10-4 g ml-1 and 1.1 x 10-4 g ml-1 for BAB 1, BAB 8, 
BAB 10 and BAB 19 respectively. As expected, the CMC values were lower 
than those of small surfactants and the decrease in CMC correlated directly 
with an increase in the number of BocLTrp monomers attached. 
 BAB 1, BAB 8 and BAB 10 block copolymers were found to self-
assemble in aqueous solution and form spherical flower like micelles with 
unimodal narrow size distributions as shown by TEM imaging and DLS. The 
increase in size of the hydrophobic block was found to influence self-
assembly, in that the increase in hydrodynamic diameter of micelles was due to 
the stretching of cores.  
 On the other hand BAB 19 being the triblock with the longest 
hydrophobic blocks was evidenced to self-assemble into interconnected 
networks of spherical micelles. Such networks are more thermodynamically 
stable than flower like micelles and their formation is indicative of the 
influence PBocLTrp block length has over the stability of BAB aggregates. 
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 The organic solvent used to initially dissolve the block copolymers 
prior to dialysis was found to have an influence over the resulting diameter of 
aggregates formed, with DMSO leading to the formation of smaller aggregates 
when compared to acetone. 
 The secondary structure characteristics of the four BAB copolymers 
were also investigated in water by CD. Initial investigation yielded curves of 
random coil character. LINCOMB calculations were performed in order to 
better understand the secondary structure characteristics of the resulting 
curves. The random coil conformation was found dominant for all four block 
copolymers with values of 54.63 % (+/-1.24) for BAB 1, 70.16 % (+/-3.51) for 
BAB 8, 66.46 % (+/-3.64) for BAB 10 and 59.90 % (+/-1.33) for BAB 19 
being measured.    Classical α-helix was also found contributing to a small 
percentage of the overall conformation, with values of 36.53 % (+/-1.24), 
29.84 % (+/-3.51), 33.54 % (+/-3.64) and 33.39 % (+/-1.33) being calculated 
for BAB1, BAB8, BAB 10 and BAB 19 respectively. Small contributions from 
β-sheets were also found although percentages were very small and almost 
negligible in relation to NRMSD values calculated, namely 8.74 % (+/-1.24) 
and 3.71 % (+/-1.33) for BAB 1 and BAB 19 respectively.  
 For BAB 8 the presence of a small percentage of PPII character was 
found to give rise to the lower than expected ellipticities of the CD spectrum 
minima whereas the CD spectra of BAB 1, BAB 10 and BAB 19 did not 
indicate the presence of PPII secondary structure. 
 The BAB copolymers investigated in this chapter therefore show great 
promise for drug delivery applications due to their ability to self-assembly in 
an aqueous environment, their low CMCs, intrinsic secondary structure and 
controllable aggregate size.  
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Chapter Four______________________________ 
4. Aqueous Self-assembly of Poly(ethylene 
glycol)-block-poly(Nα-Boc-L-tryptophan) 
Diblock Copolymers 
 
4.1 Introduction 
 
 This chapter will look at the self-assembly behaviour of AB block 
copolymers PEG-b-PBocLTrp. The same techniques as those presented in 
Chapter 3 were used for CMC estimation and secondary structure analysis and 
deconvolution. TEM and DLS were again employed for the visualisation of 
aggregate morphology and measurement of hydrodynamic diameter. 
The influences of hydrophilic and hydrophobic block length variation 
over the CMC, self-assembly and secondary structure of PEG-b-PBocLTrp 
was investigated. Two groups of AB block copolymers with varying PEG 
block lengths were synthesised. Copolymers AB 1-AB 4 all incorporate the 
PEG blocks of Mn 2,000 whilst AB 5 - AB 7 incorporate PEG Mn 5,000. 
Unlike BAB type copolymers, such as the ones discussed in chapter 3, which 
self-assemble into flower like micelles and micelles networks, AB type 
amphiphilic copolymers self-assemble into spherical micelles upon self-
assembly in solution. As with BAB type aggregates, the CMC of AB type 
copolymers will be dependent on the length of hydrophobic and hydrophilic 
substituent blocks. 
 The hydrophilic-lipophilic balance (HLB) of an amphiphile is 
representative of the degree of hydrophilicity or hydrophobicity of that 
molecule. Using the original method postulated by Griffin [144-145] over five 
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decades ago, HLB is calculated on a scale of 0 to 20, with 0 representing an 
entirely hydrophobic molecule and 20 a completely hydrophilic one.  
The aqueous self-assembly from DMSO of diblock copolymers was 
investigated above CMC with spherical micelles of uniform sizes being 
revealed by DLS and TEM studies whilst CD analysis was employed to 
investigate the secondary structure of the PBocLTrp blocks. 
Furthermore, since polymer self-assembly is dictated by polymer 
architecture, comparisons were made in this chapter between the aqueous self-
assembly of the PEG-b-PBocLTrp AB copolymers and that of PBocLTrp-b-
PEG-b-PBocLTrp BAB copolymers, to better understand the tunability of 
these systems. 
 
4.2 CMC Estimation of PEG-b-PBocLTrp Diblock 
Copolymers 
 
 For all seven AB type copolymers the I1/I3  ratio was plotted against the 
logarithm of copolymer concentration with the CMC of each copolymer being 
taken as the intercept of the rapidly varying part (the slope) and the almost 
horizontal plateau, as previously described in chapter 3. The I1/I3 ratios of all 
seven AB copolymers remained between 1.75 and 1.8 at low concentrations 
with this ratio dropping rapidly as the pyrene probe became incorporated into 
micelle cores at higher concentrations. Once CMC had been reached I1/I3 ratios 
for all seven AB block copolymers were observed to plateau between 0.9 and 
1.1 indicating the full incorporation of the pyrene probe within the 
hydrophobic core [30-31, 46]. The estimated CMCs for all seven AB type 
copolymers were low and although varied they were found to be within the 
ranges of CMCs reported in the literature for similar diblock copolymers [146-
147]. 
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 From the pyrene curves for AB 1, AB 2, AB 3 and AB 4 in figure 4.1, 
the CMCs of 1.6 x 10-4, 3.0 x 10-5, 9.0 x 10-6 and 7.0 x 10-6 g ml-1were 
estimated for the aforementioned copolymers respectively. 
Overall a large variation in CMC was observed for the AB copolymers 
of PEG Mn 2000, in particular between AB 1and AB 4. This occurrence can be 
explained when considering the calculated HLBs for the four AB block 
copolymers. As shown in table 4.1 the HLBs of 13.38, 7.54, 3.90 and 0.15 
were calculated for the copolymers AB 1 to AB 4. Since low HLB numbers are 
representative of increased hydrophobicity, with a HLB of 0 indicating the 
presence of a completely hydrophobic particle, the closer the HLB of an 
amphiphile is to 0 the more hydrophobic that amphiphile is. Therefore, since 
the increased hydrophobicity of an amphiphile is linked directly with a 
decrease in CMC, the decrease in CMC from 1.6 x 10-4 g ml-1 to 7.0 x 10-6 g 
ml-1observed for AB 1 and AB 4 is explained by the decrease in the HLB of 
the two polymers from 13.38 to the very low 0.15, respectively [30, 144-145]. 
 Although direct comparisons cannot be made between the BAB and the 
AB block copolymers investigated, due to the hydrophilic PEG block being of 
dissimilar Mn for the three series synthesized, a generalised observation can be 
made in regards to the CMCs observed. It can be seen from tables 3.1 and 4.1 
that the CMCs estimated for all BAB copolymers were much larger than those 
estimated for the AB copolymers. For BAB 1 and AB 1 it was observed that 
despite the two copolymers possessing very similar HLB values (13.39 and 
13.38 respectively) the BAB copolymer still exhibited a larger CMC of 3.2 x 
10-4 g mL-1 compared to the CMC of 1.6 x 10-4 g mL-1 estimated for AB 1. 
Much larger differences in CMCs were observed along with the large 
variations in HLB as the hydrophobic blocks increased in size. Such deviations 
in CMCs are however expected with larger CMCs being exhibited by BAB 
copolymers when compared to their AB counterparts of similar molecular 
weights and comparable hydrophobic and hydrophilic block lengths [148]. 
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Table 4. 1 Estimated CMC values, PDI of micelles from DLS, hydrodynamic 
diameters from DLS (Dh)and micelle diameter as evidenced by TEM (diam.) 
of PEG-b-PBocLTrp aggregates in aqueous solution.  
AB  CMC (g mL-1) HLB PDI Dh (nm) 
Diam. 
TEM 
(nm) 
AB 1 1.6 x 10-4 13.38 0.096 145 50 
AB 2 3.0 x 10-5 7.54 0.226 186 60 
AB 3 9.0 x 10-6 3.9 0.197 191 75 
AB 4 7.0 x 10-6 0.15 0.181 225 90 
AB 5 9.5 x 10-5  15.26 0.296 335 25-30 
AB 6 9.3 x 10-5 13.08 0.23 344 30 
AB 7 3.2 x 10-5 8.61 0.359 409 40 
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Figure 4. 1 Variations of I1/I3 as a function of concentration for PEG-b-
PBocLTrp a) AB 1 b) AB 2,  c) AB 3 and d) AB 4; e) fluorescence spectra of 
pyrene in aqueous PEG-b-PBocLTrp at various concentrations (for clarity only 
5 representative curves are shown; since all copolymers display similar curves 
only fluorescence spectra of AB 2 has been included). 
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 A more subtle variation in CMC was observed for the AB blocks of 
PEG Mn 5,000 with AB 5, AB 6 and AB 7 exhibiting CMCs of 9.5 x 10-5, 9.3 
x 10-5 and  3.2 x 10-5 g ml-1. Similarly the HLBs of 15.26, 13.08 and 8.61 
calculated for the three block copolymers were less varied thus accounting for 
the small variation since the direct link between CMC and HLB has already 
been established.  
 These observations indicated that due to its larger size, the hydrophilic 
block is having the biggest influence over the HLB of the AB copolymers. 
Whilst still inducing the expected drop in HLB with an increase in size, the 
hydrophobic PBocLTrp blocks of AB 5 and AB 6 in particular, do not induce 
HLB variations as large as those observed for AB 1-AB 4 or AB 7.   
 Nevertheless the fluorescence curves presented in figures 4.1 and 4.2 
showed a drop in I1/I3  ratios from 1.7-1.8 to 0.9-1. The sudden drop and new 
plateau at lower I1/I3 values indicates the incorporation of the pyrene probe 
within the hydrophobic cores of aggregates, thus demonstrating all seven AB 
diblocks to be self-assembling in an aqueous environment.  
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Figure 4. 2 Variations of I1/I3 as a function of concentration for PEG-b-
PBocLTrp a) AB 5 b) AB 6 and c) AB 7; d) fluorescence spectra of pyrene in 
aqueous PEG-b-PBocLTrp at various concentrations (for clarity only 5 
representative curves are shown; since all copolymers display similar curves 
only fluorescence spectra of AB 6 has been included). 
 
4.3 Aqueous Self-assembly of PEG-b-PBocLTrp Diblock 
Copolymers 
  
 The self-assembly for all seven AB copolymers was investigated by 
TEM and DLS following CMC estimation. Solutions of 0.5 mg ml-1 were 
prepared in water by dialysis for all seven AB copolymers. DLS was also 
employed for the measurement of Dh of all aggregates in solution whilst TEM 
demonstrated the resulting spherical micelle morphologies. 
 As already seen for BAB copolymers, expected discrepancies were 
observed between the Dh values of AB aggregates measured by DLS and 
diameters of particles imaged by TEM. For AB 1, AB 2, AB 3 and AB 4  
6.0 x 10-4 g/mL  
3.0 x 10-4 g/mL 
1.5 x 10-4 g/mL 
6.0 x 10-5 g/mL 
6.0 x 10-6 g/mL 
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discrepancies were however larger than those observed for the BAB 
copolymers with average TEM diameters of 50, 60, 75 and  90 nm being 
observed respectively whilst Dh values measured were larger than 100 nm, 
namely 145, 186, 191 and 225 nm respectively. As described in chapter 3, the 
discrepancies between DLS and TEM measurements were due to the stain 
visualising the inner core of the aggregates as well as swelling effects 
experienced in solution by the hydrophilic PEG block. 
 The PDIs measured for AB1, AB 2, AB 3 and AB 4 were 0.096, 0.226, 
0.197 and 0.181 respectively. The values observed for the AB block are 
therefore smaller than those measured for the BAB blocks indicating that the 
presence of spherical micelles of AB block copolymers are of uniform size 
[129].  
 However an increase in uniformity for micelles of AB copolymers 
compared to those of BAB copolymers is an expected trait. The self-assembly 
into spherical micelles is entropicaly favoured for AB block copolymers whilst 
flower like micelles with some B blocks still free in solution are most likely to 
form for BAB copolymers [28]. The large PDIs observed for the micelles of the 
BAB copolymers can therefore be explained by the presence of free B blocks 
in solution which give rise to a decrease in the uniformity of the resulting 
aggregates while the lower PDIs of AB micelles being explained by absence of 
free blocks. 
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a)   
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d)  
Figure 4. 3 DLS size distribution by number histograms of a) AB 1, b) AB 2, 
c) AB 3 and d) AB 4 micelles. 
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Figure 4. 4 TEM images of a) AB 1, b) AB 2, c) AB 3 and d) AB 4 micelles 
formed by dialysis. 
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 Whilst the Dh observed for AB 1 – AB 4 were smaller than those 
observed for the BAB copolymers, the diameters were still larger than those 
reported in literature for the micelles of AB copolymers of PEG and other 
amino acids. Yokoyama et al. reported diameters between 10 and 100 nm for 
micelles poly(ethylene glycol-b-poly(aspartic acid) (PEG-b-P(Asp)) of both 
bimodal and unimodal distributions [149] with successful drug loading being 
achieved into micelles of 16 nm diameters [150].  Kataoka et al. also 
successfully loaded the anti-cancer drug Doxorubicin into the spherical 
micelles of poly(ethylene glycol)–b-poly(β-benzyl-Laspartate) (PEG-b-PBLA) 
to give micelles with diameters of 50-70 nm [151]. 
 Despite the micelle sizes achieved in the current study being larger than 
those of similar systems in the literature only AB 4 has an overall Dh larger 
than 200nm, the size cut off for RES uptake [2]. Trends observed for AB 1 – 
AB 4 are also encouraging as they indicate size can be controlled by adjusting 
the length of the hydrophobic block. With increases in hydrophobic block 
length correlated to the formation of larger aggregates, it is therefore possible 
to form smaller micelles by reducing the overall length of the hydrophobic 
PBocLTrp block. Smaller particles could then be achieved by tuning block 
lengths if smaller sizes are deemed necessary for drug delivery in the future.  
 Aggregate size tuning by block length control was further evidenced 
through the self-assembly of copolymers AB 5 – AB 7. This last group of 
block copolymers investigated possessed the largest PEG block of all with Mn 
of 5000. In contrast to the hydrophilic block, the hydrophobic PBocLTrp 
blocks were kept small with Mn values of 1,552 for AB 5, 2,643 for AB 6 and 
6,608 for AB 7, being employed.  
 Monomodal distributions were observed for all three copolymers. 
Hydrodynamic diameters of 335, 344 and 409 nm (table 4.1) were measured 
for AB 5, AB 6 and AB 7 respectively, while PDI values remained small 
indicating the formation of uniform size micelles for all three block 
copolymers [129]. The Dh values measured for AB 5 – AB 7 were comparatively 
larger to those achieved for AB 1 – AB 4. This phenomenon is due to the 
larger hydrophilic PEG block of AB 5 - AB 7 which causes the outer corona of 
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the micelles to swell more in solution, leading to an increase in the diameter of 
aggregates [130-132].  
 TEM imaging revealed spherical micelles for the block copolymers AB 
5 and AB 7 although only a small number of aggregates formed by AB 6 were 
spherical, with the majority possessing rugged shapes. As observed for the 
BAB and AB copolymers systems discussed in chapter 3 and earlier in this 
chapter, aggregate sizes imaged by TEM possessed smaller diameters than 
those measured by DLS with diameters ranging in size from 25 to 40 nm.  
 It can be noted that although the aggregates of AB 5 – AB 7 possess 
larger Dh values than those of AB 1- AB 4 their core sizes as visualised by 
TEM imaging are smaller, as shown in table 4.1. This phenomenon can be 
explained by the sizes of the hydrophobic and hydrophilic blocks constituting 
the copolymers. AB 1 – AB 4 possess larger hydrophobic blocks when 
compared to AB 5 – AB 7 this leading to the formation of larger hydrophobic 
cores for the polymers in the first series. On the other hand AB 5 – AB 7 
possess longer hydrophilic chains when compared to their AB 1 – AB 4 
counterparts, this leading to greater swelling in solution and therefore the 
observed larger hydrodynamic radii.  
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Figure 4. 5 DLS size distribution by number histograms of a) AB 1, b) AB 2, 
c) AB 3 and d) AB 4 micelles. 
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Figure 4. 6 TEM images of a) AB 5, b) AB 6, c) AB 6 and d) AB 7 micelles 
formed by dialysis. 
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 The self-assembly products of PEG-b-PBocLTrp copolymers harbour 
great potential for future drug delivery applications due to their unimodal 
distributions with low PDI values, representing micelles of uniform size which 
are ideal for drug delivery promising better stability upon dilution into the 
blood stream [3, 29].  
 As already mentioned in the previous chapter, for block copolymers 
such as those  presented in the current study, the secondary structure of peptide 
blocks can have significant effects on the self-assembly and overall behaviour 
and application of copolymers and it is therefore imperative to assess any 
possible conformations. 
 
 
4.4 Secondary Structure Estimation of PEG-b-PBocLTrp 
Diblock Copolymers 
 
 CD was again employed to analyse the secondary structure 
characteristics of the PEG-b-PBocLTrp diblock copolymers above their 
respective CMC values using the same dilution method described in chapter 3. 
LINCOMB calculations were once again performed using the CCA+ software.  
 Stock solutions of 2.1 x 10-4 g mL-1, 3.7 x 10-4 g mL-1, 7.2 x 10-4 g mL-1, 
6.3 x 10-4 g mL-1,  4.9 x 10-4 g mL-1, 5.4 x 10-4 g mL-1 and 8.1 x 10-4 g mL-1  
were prepared for AB 1, AB 2, AB 3, AB 4, AB 5 , AB 6 and AB 7 
respectively. Several dilutions were made for each copolymer in order to 
achieve the best spectrum. CD spectra presented in figure 4.7 were collected at 
concentrations of 1.75 x 10-4 g mL-1, 5.28 x 10-5 g mL-1, 6.0 x 10-5 g mL-1 and 
7.88 x 10-5 g mL-1 for copolymers AB 1, AB 2, AB 3 and AB 4 respectively. 
Spectra in figure 4.8 were collected at concentrations of 1.23 x 10-4 g mL-1, 
1.08 x 10-4 g mL-1 and 1.32 x 10-4 g mL-1 for copolymers AB 5, AB 6 and AB 7 
respectively. 
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Figure 4. 7 CD spectra of AB 1, AB 2, AB 3 and AB 4 block copolymers. 
 
 The CD curves are similar to those observed for the BAB block 
copolymers with strong minima around 197 nm for all four diblock 
copolymers with AB 3 and AB 4 experiencing slight minima at 227 nm. It is 
possible that the band at 227 nm is due to aromatic contributions from the 
tryptophan indole ring [141-142], as mentioned in chapter 3. This argument is 
further supported by the appearance of the 227 nm band for AB 3 and AB 4 
and its absence for AB 1 and AB 2. The diblock copolymers AB 3 and AB 4 
possess longer PBocLTrp blocks than AB 1 and AB 2 and consequently more 
Boc protected aromatic amino acid residues. The presence of more amino acid 
resides in the AB 3 and AB 4 copolymers is therefore believed to be inducing 
the band at 227 nm. 
 Although the CD curves observed for AB 1 – AB 4 indicated similar 
characteristics as those of the BAB copolymers, the main difference between 
the two systems is observed in the intensity of the negative band at 197 nm. 
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Whilst the presence of PPII character was identified for the BAB copolymers, 
the percentage possessed by the diblock copolymers AB 1 – AB 4 was much 
higher, as shown by their stronger negative absorbance around 195 nm. 
 For the AB 1 copolymer the negative band is slightly shifted to 198.5 
nm and exhibits the strongest negative absorbance of all AB copolymers, with 
a value of approximately -48,300 deg cm2 dmol-1. Since pure PPII 
conformation exhibits a negative band around -46,000 deg cm2 dmol-1 [139]  
these observations suggest that the AB 1 copolymer contain a very high 
percentage of PPII conformation or possess an almost pure PPII conformation. 
AB 2 and AB 3 also seem to exhibit high PPII character with approximate 
ellipticities of -43,000 deg cm2 dmol-1  and -45,000 deg cm2 dmol-1 being 
observed respectively.  
 Figure 4.7 presents a trend denoting that an increase in PBocLTrp block 
length leads to an increase in the negative band and subsequently a decrease in 
PPII character. Therefore since AB 3 copolymers possess longer PBocLTrp 
blocks than AB 2; it was expected for the AB 3 to exhibit less PPII character 
than the latter. However, this was not the case with the opposite being 
observed, suggesting that other classical secondary structures may be present 
in AB 2 thus raising slightly the band of absorbance at 197 nm. Regardless of 
this, the contribution from other conformations is still small compared to that 
from PPII, as indicated by the strong minima which drops below -40,000 deg 
cm2 dmol-1 for both copolymers [139]. 
 For AB 4 the negative band of absorbance at 197 nm showed the 
highest increase in ellipticity of all three AB copolymers, reaching no less than 
-37,000 deg cm2 dmol-1. This increase in absorbance indicated that a dramatic 
loss of PPII character is induced by an increase in PBocLTrp block length. The 
same was observed in chapter 3, where the largest contribution of PPII 
conformation was observed for BAB 8, the third largest copolymer, with a 
decrease in contribution being observed for the triblock copolymers with larger 
PBocLTrp blocks, namely BAB 10 and BAB 19. From these observations it 
can be established that an increase in length of the PBocLTrp block gives rise 
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to bulkier chains with fewer tendencies to form triple helices, thus leading to a 
decrease in the PPII character and subsequent increase in absorbance at 197-
199 nm.  
  To assess whether classical secondary structure characteristics were 
also contributing to any of the curves in figure 4.7 LINCOMB calculations 
were performed for all four AB copolymers. While AB 3 could not be fitted 
the three other diblock copolymers gave high NRMSD errors. Since NRMSD 
gives a percentage measure of how well software fitted curves match the 
original, with the lowest values representing the best fits with the least 
variations between model and original, it was concluded that LINCOMB 
analysis was unsuitable for the copolymer AB 1 – AB 4 (table 4.2).  
 
Table 4. 2 Circular dichroism LINCOMB calculations for AB 1, AB 2, AB 3 
and AB 4. 
Secondary structure percentages of PEG-b-PBocLTrp copolymers 
Copolymer α-Helix % 
Random 
coil % 
β-Sheet 
% 
β-Turn 
% 
NRMSD 
error 
AB 1 __ 100.00 __ __ 38.16 
AB 2 0.85 99.15 __ __ 22.04 
AB 3 NA NA NA NA NA 
AB 4 9.31 90.61 __ __ 9.39 
 
The high percentage error is believed to be influenced by the PPII 
character of the CD curves. As observed in chapter 3 (figure 3.7 and table 3.2) 
the copolymers with highest NRMSD errors were those with strongest minima 
at 197 nm and consequently contained the highest percentage of PPII 
conformation. For the diblock copolymers AB 1 – AB 4 the same is observed 
with the NRMSD error being observed to decrease substantially only for AB 4, 
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the copolymer believed to contain the least contribution from PPII 
conformation.  
 Although PBocLTrp block length is expected to influence secondary 
structure the most from the CD data collected for AB 5 – AB 7, the length of 
the hydrophilic PEG block seems to also have an effect. Once more CD curves 
indicating random coil of PPII character were observed for the three 
copolymers with negative absorbance bands around 197 nm. For AB 7 and AB 
6 ellipticities of -15,600 deg cm2 dmol-1  and  -16,200 deg cm2 dmol-1  were 
observed respectively; whilst the negative band shifted slightly to 198.5 nm for 
AB 5 its ellipticity was most negative at -17,500 deg cm2 dmol-1. 
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Figure 4. 8 CD spectra of AB 5, AB 6 and AB 7 block copolymers. 
 
Therefore the curves in figure 4.8 indicate that although AB 5 –AB 7 
contain PBocLTrp blocks of similar length to those of AB 1 – AB 3 the 
percentage contribution from PPII is not as high for AB 5 – AB 7. Some PPII 
character is still likely to be present for all three copolymers since the minima 
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at approximately 197 nm is lower than the band expected for a pure random 
coil conformation, -12,000 deg cm2 dmol-1 [139]. Despite the fact that AB 5 
might seem to contain the highest PPII contribution of all three copolymers, 
the differences observed between the three copolymers are not substantial 
enough to rule out aromatic or classical secondary structure contributions. The 
three curves were also unsuitable for LINCOMB analysis, therefore from the 
CD spectra presented it was concluded that the diblock copolymers AB 5 – AB 
7 exhibited a much lower PPII percentage contribution than their   PBocLTrp 
block length counterparts AB 1 – AB 3. It was therefore concluded that the 
PEG block has some effect on the resulting secondary structure of the modified 
peptide chain.  
 
4.5 Conclusion 
 
 The aqueous self-assembly and secondary structure characteristics of 
the novel diblock copolymers PEG-b-PBocLTrp was investigated. Four 
copolymers possessing the PEG block length of Mn 2,000 and varying 
PBocLTrp (AB 1 – AB 4) block lengths were investigated. Their self-assembly 
was compared to that of three AB copolymers with PEG block lengths of Mn 
5,000 (AB 5 – AB 7).   
The four AB 1 –AB 4 copolymers possessed varied CMC values of 1.6 
x 10-4, 3.0 x 10-5, 9.0 x 10-6 and 7.0 x 10-6 g ml-1 respectively. The values were 
found to be directly influenced by the corresponding HLB values of each 
polymer, namely 13.38, 7.54, 3.90 and 0.15, with a decrease in HLB leading to 
a decrease in the CMC value estimated. For the diblock copolymers with the 
larger hydrophilic PEG block of Mn 5,000 (AB 5 – AB 7) the same 
relationship between HLB and CMC was observed. However, variation 
between respective values was not as pronounced. CMCs of 9.5 x 10-5, 9.3 x 
10-5 and 3.2 x 10-5 g ml-1 correlated to HLB values of 15.26, 13.08 and 8.61 for 
AB5, AB 6 and AB 7 respectively. The smaller deviation in CMC was 
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accounted for by the shorter hydrophobic blocks in comparison to the much 
larger hydrophilic PEG. 
 DLS analysis and TEM imaging evidenced the formation of spherical 
micelles with unimodal distributions above CMC for all seven AB type 
copolymers. Measured PDI values for AB 1 –AB 4 block copolymers were 
found to be smaller than those of BAB copolymers discussed in chapter 3. The 
decrease in PDI was linked to the increased uniformity of AB copolymer 
micelles which are entropically favoured over their BAB flower-like 
counterparts [28]. AB 5 – AB 7 were shown to have slightly larger PDI values 
than their AB 1 – AB 4 counterparts, 0.296, 0.230 and 0.359 respectively, 
accompanied by larger Dh values, namely 335, 344 and 409 nm respectively. 
The increase observed in Dh was attributed to AB 5 –AB 7 possessing a longer 
hydrophilic PEG block, Mn 5,000, compared to AB 1 – AB 4, PEG block Mn 
2,000. The larger hydrophilic block led to the swelling of the outer corona of 
micelles, resulting in an increase in Dh. 
 The final part of this investigation examined the secondary structure 
conformation of the PBocLTrp block for all seven AB copolymers. CD was 
interpreted both visually and with the aid of LINCOMB calculations to reveal 
how the secondary structure characteristics of AB blocks differ from those 
observed for BAB copolymers and to assess how the block lengths influence 
final resulting conformations. 
 The CD curves of AB 1 – AB 4 all possessed strong PPII character with 
percentages believed to be highest of all copolymers investigated in this study. 
AB 1, AB 2 and AB 3 in particular were believed to contain close to 100 % 
PPII character, however percentage contribution was observed to decrease with 
an increase in PBocLTrp block length.  
 An increase in PEG block length was also found to have an effect over 
the secondary structure characteristics of the block copolymers. Whilst AB 5 – 
AB 7 possessed similar PBocLTrp block lengths to AB 1 – AB 3 their 
hydrophilic blocks more than doubled. This led to a decrease in PPII character 
for AB5, AB 6 and AB 7 along with an increase in random coil secondary 
structure.  
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 There are numerous requirements polymers must meet as drug delivery 
candidates; with low CMCs and the ability to form uniform micelles in 
aqueous solution, being amongst the most important. The PEG-b-PBocLTrp 
copolymers investigated in this thesis meet both of these requirements forming 
spherical aggregates with low PDIs and unimodal distributions at low CMCs. 
Their micelle size also proved to be “tuneable” through hydrophobic and 
hydrophilic block length variation. Moreover the PBocLTrp blocks lead to the 
formation of PPII helices which could in turn stabilize resulting micelles and 
further aid in drug incorporation. Therefore, the AB type copolymers presented 
in this study show great promise for future application in drug delivery. 
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Chapter Five_______________________________ 
5. General Conclusions and Recommendations 
for Future Work 
 
5.1 Conclusions 
 
 The work presented in this thesis was aimed at the synthesis, 
characterisation and self-assembly of novel block copolymers for drug delivery 
applications. This work was approached in three main sections with their major 
conclusions given in this chapter. Some recommendations for future direction 
have been made. 
 
5.1.1 Synthesis of PBocLTrp-b-PEG-b-PBocLTrp and PEG-b-
PBocLTrp block copolymers 
 
 Both triblock PBocLTrp-b-PEG-b-PBocLTrp and diblock PEG-b-
PBocLTrp copolymers were successfully synthesised in various molecular 
weights. In total four BAB type copolymers and seven AB type copolymers 
were synthesised. The block copolymers were characterised with the use of 
NMR and ATR spectroscopies, whilst their PDI values were measured using 
GPC. Following investigation, of synthetic parameter influences on chain 
extension, it was found that up to a feed ratio of 1 : 2 (PEG : NCA BocLTrp) 
an increase in feed leads to the increase in number of protected amino acids 
attached. Higher feed ratios were however found to lead to the formation of 
much shorter chains, therefore it was concluded that chain scission occurs at 
140 
 
longer lengths of PBocLTrp in the BAB copolymer. Time allowed for 
synthesis, temperature and reagent concentration in solution were also found to 
have some influence over the resulting molecular weight with 72 hour or more, 
40 °C and 5% w/v respectively, being the preferred conditions. 
 
5.1.2 Aqueous Self-assembly of PBocLTrp-b-PEG-b-PBocLTrp 
Triblock Copolymers 
 
 All four triblock copolymers (BAB 1, BAB 8, BAB 10 and BAB 19) 
were shown to self-assemble in an aqueous environment to form spherical 
micelles of uniform size. The solvent used for initial copolymer dissolution 
prior to dialysis into water, was found to also influence the resulting micelle 
size with DMSO being the preferred solvent. An increase in PBocLTrp 
hydrophobic block length, and subsequently a decrease in HLB value, lead to 
an expected decreased in CMC. Hydrophobic block length also influenced 
morphology, with interconnected networks of spherical micelles being 
observed for the BAB copolymer with largest hydrophobic blocks (BAB 19) 
and single spherical micelles visualised for the other three copolymers with 
smaller PBocLTrp block lengths. 
 For all four triblock copolymers the percentage of β-sheet was 
negligible as shown by LINCOMB analysis. Random coil conformation was 
the dominating structure of these copolymers with percentages of 54.63 % (+/-
1.24), 70.16 % (+/-3.51), 66.46 % (+/-3.64) and 59.90 % (+/-1.33) being 
measured for BAB 1, BAB 8, BAB 10 and BAB 19 respectively.     The α-
helix also contributed partially to the overall conformation with LINCOMB 
calculations indicating 36.53 % (+/-1.24), 29.84 % (+/-3.51), 33.54 % (+/-
3.64) and 33.39 % (+/-1.33) were present for BAB1, BAB8, BAB 10 and BAB 
19 respectively. Visual interpretation of CD curves indicated the presence of a 
small percentage of PPII character for the third largest triblock copolymer, 
namely BAB 8.  
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5.1.3 Aqueous Self-assembly of PEG-b-PBocLTrp Diblock 
Copolymers 
 
 All seven diblock copolymers synthesised demonstrated a direct 
relationship between HLB and CMC values where a decrease in HLB led to a 
decrease in estimated CMC values. As a result of the large variations in Mn of 
diblock copolymers AB 1 – AB 4, the disparities in HLB and subsequently 
CMC values were also significant. This was contrary to diblock copolymers 
AB 5 – AB 7 which were synthesised with smaller Mn variations which lead to 
smaller differences between respective HLB and CMC values. 
 The presence of the PPII in block copolymers incorporating synthetic 
homopeptides is the first of its kind, with no other reports being found in the 
literature. Secondary structure of the first four diblock copolymers (AB 1 – AB 
4) was dominated by the PPII conformation, with a percentage decrease in 
conformation being achieved upon increase in PBocLTrp block length. PEG 
block length was also found to influence the secondary structure of the pendant 
PBocLTrp block, as evidenced by the decrease in PPII and increase in random 
coil character of diblocks AB 5 –AB 7 when compared to AB 1 – AB 3.  
 An increase in PEG block length was also found to have an effect over 
the secondary structure characteristics of the block copolymers. Whilst AB 5 – 
AB 7 possessed similar PBocLTrp block lengths to AB 1 – AB 3 their 
hydrophilic blocks more than doubled with AB 1 – AB 3 incorporating PEG 
Mn 2,000 whereas PEG Mn 5,000 was used for the synthesis of AB 5 – AB 7 . 
This led to a decrease in PPII character for the three latter copolymers along 
with an increase in random coil secondary structure.  
 All AB copolymers self-assembled in aqueous milieu to give spherical 
micelles. The sizes of micelles formed were found to be dependent upon both 
hydrophobic and hydrophilic block size. An increase in overall diameter was 
observed to occur with an increase in hydrophobic block length for all seven 
AB type block copolymers whilst AB 5 - AB 7 having larger PEG block 
lengths of Mn 5,000 than their counterparts AB 1 - AB 3 with PEG Mn 2,000, 
exhibited an increase in Dh values by 100-200 nm.  
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5.2  Statement of Main Achievements 
 
 Despite its potential to stabilize drugs via π-π interactions and control 
drug release through the formation of secondary structures, Nα-Boc-L-
tryptophan has not yet been used for the synthesis of amphiphilic block 
copolymers for drug delivery applications. This work presented in this thesis 
explored the incorporation of poly Nα-Boc-L-tryptophan in BAB and AB type 
copolymers with PEG as the hydrophilic block. Through this work the 
following achievements were made: 
 
1) Synthesis and characterisation of novel BAB and AB block copolymers 
incorporating poly t-Boc-L-tryptophan as the hydrophobic block and 
PEG as the hydrophilic block has been successfully achieved.  
 
2) Synthetic parameters were shown to influence PBocLTrp chain 
extension, thus proving the Mn of copolymers is controllable. 
 
3) The protonation of the PBocLTrp back bone was evidenced by NMR in 
CDCl3 indicating the possible application of the block copolymers in 
pH triggered drug delivery. 
 
4) BAB copolymers were shown to self-assemble into spherical micelles 
in aqueous milieu at low CMCs. 
 
5) BAB aggregates form spherical micelles or interconnected micelle 
networks, with size and morphology dictated by PBocLTrp block chain 
length. 
 
6) AB copolymers also self-assemble in an aqueous environment at low 
CMCs to form spherical micelles. 
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7) PPII secondary structure was observed for PBocLTrp blocks, its 
percentage contribution being influenced not only by PBocLTrp bloc 
length but also by the length of the PEG chain attached. 
 In summary the novel copolymers presented in this thesis lead to the 
formation of aggregates with tuneable sizes that possess secondary structure 
characteristics which could lead to greater stability following drug 
incorporation. These materials, being peptide/polymer hybrids, when 
compared to their synthetic counterparts promise to possess superior 
biocompatibility and the ability to be enzymatically degraded into non-toxic 
by-products. This, along with the ability of the hydrophobic block’s back bone 
to undergo protonation, gives great promise for the future application of 
PBocLTrp-b-PEG-b-PBocLTrp and PEG-b-PBocLTrp copolymers as drug 
delivery vehicles.  
 Micelles of triblock copolymers BAB 1 and BAB 8 presented in this 
study with hydrodynamic radii under 200 nm and therefore make great 
contenders for drug delivery when prepared from DMSO. Diblock copolymers 
AB 1 – AB 3 also gave micelles with sizes below 200 nm placing them in the 
same category as their aforementioned counterparts.  
 
5.3 Recommendations for Future Work 
 
 The synthesis, characterisation and self-assembly of BAB and AB type 
block copolymers PBocLTrp-b-PEG-b-PBocLTrp and PEG-b-PBocLTrp was 
successfully achieved. Future work for assessing drug loading and drug 
delivery capabilities of these novel copolymers could proceed in the following 
manner: 
1) Stability studies in aqueous milieu would first be carried out in order to 
gauge how long term exposure to such an environment influences the 
aggregates and their size. It was revealed in chapter 2 that the 
PBocLTrp chain experiences protonation along the amide back bone at 
low acidity. This property would be investigated next for its possible 
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application as a drug delivery trigger, following micelle destabilisation 
[102]. The possibility for pH to act as a secondary structure destabiliser 
can also be considered by probing the secondary structure at different 
pH values. 
 
2) The influence of the t-Boc protecting group on PBocLTrp secondary 
structure and subsequently the self-assembly of copolymers would be 
analysed next through the deprotection of the blocks. This investigation 
is of particular interest to better understand the plausibility of t-Boc 
group replacement with a functional group to aid in drug loading and/or 
drug delivery if deemed necessary in future applications. 
 
3) The loading of a series of hydrophobic drugs would be required not 
only to show drug loading suitability, but also to investigate any 
subsequent morphological or size changes experienced by aggregates. 
 
4) The biocompatibility of BAB and AB block copolymers would also 
need to be tested. The copolymers would be individually immersed into 
cell culture media and allowed to soak for a predetermined period of 
time. The incubated media would then be used to culture cells. 
Cytotoxicity will be determined based on percentage of cell death and 
cell proliferation. 
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Chapter Six________________________________ 
6. Experimental 
 
6.1 Reagents and Solvents 
  
Poly (ethylene glycol) bis(amine) (BAPEG) Mw 3,350 , α-methoxy-ω-
amino poly(ethylene glycol) (MAPEG) average Mn 5,000, MAPEG average 
Mn 2,000, 1,4- dioxane anhydrous ≥ 99.8%, Nα-Boc-L-tryptophan Nα-carboxy 
anhydride (BocLTry NCA) ≥ 98%, pyrene puriss. p.a., for fluorescence 99% 
(GC), 4 Å molecular sieves and Sephadex® LH-20 were purchased from 
Sigma-Aldrich. SnakeSkin dialysis tubing, 3,500 MWCO, 22mm dry diameter 
was purchased from Thermo Scientific. 
Dimethyl formamide (DMF), dichloromethane (DCM) (analytical 
grade), chloroform (CHCl3) (AR grade) and acetone (AR grade) were 
purchased from Chem-Supply and diethyl ether (Et2O) was purchased from 
Ajax Finechem. 
 
6.1.1  Drying and Preparation of Solvents and Reagents  
 
All MAPEG and BAPEG starting materials were dried in vacuo at 60 
ºC 12 hours prior to use. DCM, acetone and Et2O were used as received. 
CHCl3 and 1,4-dioxane were stored over 4 Å molecular sieves for at least 24 
hours prior to use. 
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6.2  Chapter 2 Experimental 
 
6.2.1  Equipment and Testing 
 
Gel Permeation Chromatography (GPC) 
Poly dispersity data was obtained using a Waters 2695 Separations 
Module, with a Waters 2414 Refractive Index Detector and a Waters 2996 
Photodiode Array Detector, a series of four Polymer Laboratories PLGel 
columns (3 * 5 μm Mixed-C and 1 * 3 μm Mixed-E), and Empower Pro 
Software. The GPC was calibrated with narrow polydispersity polystyrene 
standards (Polymer Laboratories EasiCal, Mw from 264 to 256,000), and 
molecular weights were recorded as polystyrene equivalents based on the 
refractive index detector. Tetrahydrofuran (1.0 mL min-1) was used as eluent.  
 
Nuclear Magnetic Resonance Spectroscopy (NMR) 
  1H and 13C NMR spectra were measured on a Jeol JNM-EX 270 MHz 
or Jeol Eclipse JNM-EX400 MHz spectrometer as stated. 2D spectra were 
collected on a Jeol Eclipse JNM-EX400 MHz spectrometer. All spectra were 
collected at room temperature using the residual proton resonance of the 
deuterated solvent as the internal standard. Samples were dissolved in d6-
DMSO and CDCl3 as specified. Proton signals reported as chemical shift σ 
(ppm) [integral, J coupling (measured in Hz), multiplicity (s = singlet, br s = 
broad singlet, d = doublet, dd = doublet of doublets, t = triplet, dt = doublet of 
triplets and m = multiplet)] assignment. Carbon signals recorded as chemical 
shift σ (ppm). 
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Attenuated Total reflectance (ATR) 
ATR data were collected on a Bruker Vertex 70 FTIR in attenuated 
total reflectance mode using 128 scans at 6cm-1 resolution and between 600cm-
1 and 1600cm-1. The spectra was normalised for the alkane stretching vibration 
of poly (ethylene glycol) observed at 2873cm-1with the exception of the Boc-
L-Trp NCA starting material which was not normalized. 
 
6.2.2  Synthesis of Poly(Nα-Boc-L-tryptophan)-block-
poly(ethylene glycol)-block-poly (Nα-Boc-L-tryptophan) 
(PBocLTrp-b-PEG-b-PBocLTrp)  
 
All 
syntheses were 
carried out using 
the Schlenk 
oxygen exclusion 
method in the 
presence of argon 
(Ar2). A dual manifold high vacuum line was used as shown in figure 6.1. The 
bottom part of the manifold represents the vacuum chamber and the top the 
inert gas chamber.  
Reaction vessels, attachments and stirring equipment were flame dried 
under vacuum prior to synthesis. Each reaction vessel was purged with argon 
three times prior to the introduction of reagents and all solvents were 
introduced through a septum via a dry syringe. Following the addition of all 
reagents the system was purged with a steady stream of argon for 3 – 5 
minutes prior to commencing heating. 
NH
N
O Boc
N
H
O
HN
N
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N
H
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Figure 6. 1 Schlenk oxygen exclusion manifold. 
 
To BAPEG and BocLTrp NCA, the solvent (either a mixture of a 
mixture of 1,4-dioxane and chloroform (3:2) or DMF) was added under inert 
atmosphere to give solutions 3% or 5% w/v. Reactions were stirred at 40 or 50 
ºC for periods of 72, 96 or 120 hours, depending on which synthetic method 
(table 2.5) was applied.  
For the synthesis of BAB 1, to BAPEG (166 mg, 4.96 x 10-5 mol) and 
BocLTrp NCA (83 mg, 2.5 x 10-4 mol) 5 mL of 1,4-dioxane:CHCl3 (3:2) was 
added to give a 5 % w/v solution. The reaction mix was then blanketed with 
Ar2 and stirred at 40 ºC for 72 hours. Solvent removal was achieved in vacuo. 
Purification was achieved by redissolving the crude product in CHCl3 and 
recrystallising from cold Et2O. The precipitated product was then passed 
through a Sephadex® LH-20 column using chloroform as eluent to give a 
yellow sticky solid.  The same procedure was applied for the synthesis of all 
19 BAB copolymers with the only modifications being made based on which 
synthetic method and what starting material feed ratio was employed. Details 
about synthetic methods used and actual masses and solvent volumes are given 
in table 6.1. Polymers of molecular weights higher than BAB 1 were isolated 
as yellow brittle solids. 
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Table 6. 1 Reagent masses and synthetic methods used for the synthesis of 
PBocLTrp-b-PEG-b-PBocLTrp block copolymers (*solvent used was a 
mixture of a mixture of 1,4-dioxane and chloroform (3:2) unless otherwise 
stated, **solvent used was DMF). 
Sample 
Name 
BAPEG  
(mg) 
BAPEG    
(mol) 
BocLTrp 
NCA 
(mg) 
BocLTrp 
NCA 
(mol) 
Solvent*  
Volume 
(mL) 
Synthetic 
Method 
Used 
BAB 1 166 4.96 x 10-5 83 2.51 x 10-4 5 A 
BAB 2 82 2.45 x 10-5 103 3.12 x 10-4 4 A 
BAB 3 190 5.67 x 10-5 250 7.57 x 10-4 8.5 C 
BAB 4 129 3.85 x 10-5 199 6.02 x 10-4 6.5 A 
BAB 5 58 1.73 x 10-5 104 3.15 x 10-4 5 E 
BAB 6 55 1.64 x 10-5 98 2.97 x 10-4 5 G 
BAB 7 114 3.40 x 10-5 210 6.36 x 10-4 6.5 A 
BAB 8 104 3.10 x 10-5 188 3.15 x 10-4 6 C 
BAB 9 93 2.78 x 10-5 170 5.15 x 10-4 5.5 D 
BAB 10 100 2.99 x 10-5 200 6.05 x 10-4 6 A 
BAB 11 50 1.49 x 10-5 130 3.94 x 10-4 6 F 
BAB 12 35 1.05 x 10-5 85 2.57 x 10-4 4 H 
BAB 13 100 2.99 x 10-5 246 7.45 x 10-4 7 B 
BAB 14 49 1.46 x 10-5 159 4.81 x 10-4 4 A 
BAB 15 58 1.73 x 10-5 200 6.05 x 10-4 8 F 
BAB 16 40 1.19 x 10-5 140 4.24 x 10-4 4 A 
BAB 17 50 1.49 x 10-5 260 7.87 x 10-4 6.5 A 
BAB 18 18 5.37 x 10-6 200 6.05 x 10-4 4.5 A 
BAB 19 90 2.69 x 10-5 160 4.84 x 10-4 5** I 
 
 
 
150 
 
NMR 1H NMR (270.17 MHz, d6-DMSO): δ = 1.33 (s, 9H, t-Boc CH3), 3.05 
(m, 2H, β-C), 3.51 (s, 4H, PEG OCH2 CH2), 4.13 (m, 1H, α-C), 6.99 (t, 1 H, 
C6), 7.07 (t,  H, C5) 7.12-7.26 (m,  1H, C2), 7.34 (d, 1 H, C7) 7.53 (d, 1 H, 
C4), 10.85 (br s, 1 H, NH) ; 13C{1H}. NMR (67.94 MHz, d6-DMSO): δ = 
27.39 (β-C), 28.70 (t-Boc CH3), 55.25 (α-C), 70.36 (PEG CH2), 78.81 (t-Boc 
quaternary), 110.30 (C3), 112.01 (C7), 118.55 (C4), 118.96 (C6), 121.50 (C5), 
124.30 (C2), 127.62 (indole quaternary), 136.67 (C-NH), 155.94 (t-Boc C=O), 
173.51 (amide C=O).  
NMR 1H NMR (270.1 MHz, CDCl3): δ = 1.41 (s, 9H, t-Boc CH3), 3.27 (m, 
2H, β-C), 3.60 (s, 4H, PEG OCH2 CH2), 4.62 (m, 1H, α-C), 7.19-7.07 (m, 1 H, 
C6), 7.019-7.07(m,  1 H, C5) 6.97 (m,  1H, C2), 7.33 (d, 1 H, C7) 7.53 (d, 1 H, 
C4), 8.27-9.32 (m, 1 H, NH) ; 13C{1H}. NMR (67.9 MHz, CDCl3): δ = 27.95 
(β-C), 28.29 (t-Boc CH3), 55.16 (α-C), 70.40 (PEG CH2), 79.77 (t-Boc 
quaternary), 109.79 (C3), 111.22 (C7), 118.54 (C4), 119.35 (C6), 122.93 (C5), 
122.30 (C2), 127.54 (indole quaternary), 136.11 (C-NH), 155.38 (t-Boc C=O), 
172.74 (amide C=O).  
 
FTIR (ATR-germanium): 2873 (st, PEG CH2), 1650-1690 (st, C-O, amide I), 
1116 (st, C-O-C, PEG). 
 
6.2.3  Synthesis of Poly(ethylene glycol)-block-poly (Nα-Boc-L-
tryptophan) (PEG-b-PBocLTrp) 
All syntheses were carried out using 
the Schlenk oxygen exclusion method in the 
presence of argon (Ar2). Reaction vessels, 
attachments and stirring equipment were flame 
dried under vacuum prior to synthesis as 
described in section 6.2.2. The synthetic was 
carried out in the same manner as decribed for BAB copolymers however 
O
HN
N
OBoc
N
H
m n
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MAPEG replaced the BAPEG initiator. Actual masses and solvent volumes 
used, along with synthetic methods applied, are given in table 6.2. All 
polymers isolated were in the form of yellow solids. 
 
Table 6. 2 Reagent masses and synthetic methods used for the synthesis of 
PEG-b-PBocLTrp block copolymers (the solvent used was a mixture of a 
mixture of 1,4-dioxane and chloroform (3:2) for all syntheses). 
Sample 
Name 
BAPEG  
(mg) 
BAPEG     
(mol) 
BocLTrp 
NCA 
(mg) 
BocLTrp 
NCA (mol) 
Solvent*   
Volume 
(mL) 
Synthetic 
Method 
Used 
AB 1 100 5.00 x 10-5 98 2.97 x 10-4 4 C 
AB 2 100 5.00 x 10-5 197 5.96 x 10-4 6 C 
AB 3 49 2.45 x 10-5 248 7.51 x 10-4 8.5 A 
AB 4 50 2.50 x 10-5 250 7.57 x 10-4 6 C 
AB 5 67 1.34 x 10-5 177 5.36 x 10-4 5 C 
AB 6 46 9.20 x 10-6 100 3.03 x 10-4 3 B 
AB 7 47 9.40 x 10-6 140 4.24 x 10-4 3.5 C 
 
NMR 1H NMR (270.17 MHz, d6-DMSO): δ = 1.33 (s, 9H, t-Boc CH3), 3.05 
(m, 2H, β-C), 3.51 (s, 4H, PEG OCH2 CH2), 4.13 (m, 1H, α-C), 6.99 (t, 1 H, 
C6), 7.07 (t,  H, C5) 7.12-7.26 (m,  1H, C2), 7.34 (d, 1 H, C7) 7.53 (d, 1 H, 
C4), 10.85 (br s, 1 H, NH) ; 13C{1H}. NMR (67.94 MHz, d6-DMSO): δ = 
27.39 (β-C), 28.70 (t-Boc CH3), 55.25 (α-C), 70.36 (PEG CH2), 78.81 (t-Boc 
quaternary), 110.30 (C3), 112.01 (C7), 118.55 (C4), 118.96 (C6), 121.50 (C5), 
124.30 (C2), 127.62 (indole quaternary), 136.67 (C-NH), 155.94 (t-Boc C=O), 
173.51 (amide C=O).  
NMR 1H NMR (270.1 MHz, CDCl3): δ = 1.41 (s, 9H, t-Boc CH3), 3.27 (m, 
2H, β-C), 3.60 (s, 4H, PEG OCH2 CH2), 4.62 (m, 1H, α-C), 7.19-7.07 (m, 1 H, 
C6), 7.019-7.07(m,  1 H, C5) 6.97 (m,  1H, C2), 7.33 (d, 1 H, C7) 7.53 (d, 1 H, 
C4), 8.27-9.32 (m, 1 H, NH) ; 13C{1H}. NMR (67.9 MHz, CDCl3): δ = 27.95 
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(β-C), 28.29 (t-Boc CH3), 55.16 (α-C), 70.40 (PEG CH2), 79.77 (t-Boc 
quaternary), 109.79 (C3), 111.22 (C7), 118.54 (C4), 119.35 (C6), 122.93 (C5), 
122.30 (C2), 127.54 (indole quaternary), 136.11 (C-NH), 155.38 (t-Boc C=O), 
172.74 (amide C=O).  
FTIR (ATR-germanium): 2873 (st, PEG CH2), 1650-1690 (st, C-O, amide I), 
1116 (st, C-O-C, PEG). 
 
6.3  Chapter 3 Experimental  
 
6.3.1  Equipment and Testing 
 
Critical Micelle Concentration (CMC) Fluorescence Study 
Fluorescence spectra were recorded with a Cary Eclipse spectrometer 
(Varian Analytical Instruments) using a quartz cuvette, 10 mm path length 
(Starna Pty. Ltd.). Pyrene was used as the hydrophobic fluorescent probe. 
Aliquots of pyrene solution (2.0 x 10-3 M in acetone) were added to all sample 
vials to achieve a total pyrene concentration in solution of 6.0 x 10-7 M; the 
acetone was evaporated at room temperature for 24 hours. The samples were 
allowed to equilibrate at room temperature for 24 hours prior to measurement. 
The excitation wavelength used was 339 nm and the emission spectra were 
recorded from 350 to 500 nm. Both the excitation and emission bandwidths 
were set at 5 nm. All measurements were recorded in triplicate at 25°C.  
Origin 8.5 pro was used for the plotting and the curve fitting of all 
CMC data. The Boltzman distribution sigmoidal fit function with the equation 
y = A2 + (A1-A2)/(1 + exp((x-x0)/dx)) was used for each curve the equation 
for each curve. Respective values and standard errors for each BAB copolymer 
are given in table 6.3. 
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Table 6. 3 A1, A2, x0 and dx values and corresponding standard errors for 
BAB 1, BAB 8, BAB 10 and BAB 19. 
BAB A1 Value 
A1 
Std. 
Error 
A2 
Value 
A2 
Std. 
Error 
x0 
Value 
x0 Std. 
Error 
dx 
Value 
dx 
Std. 
Error 
BAB 1 1.7660 0.0261 0.8829 0.0292 -4.3707 0.0587 0.4390 0.0553 
BAB 8 1.8465 0.0421 0.9359 0.0363 -4.3798 0.07699 0.3696 0.0706 
BAB 10 1.8171 0.0179 0.853 0.0146 -4.6509 0.02425 0.2907 0.0258 
BAB 19 1.7631 0.0127 1.0775 0.0095 -4.3214 0.01683 0.1617 0.0172 
 
 
Dynamic Light Scattering (DLS) 
DLS measurements were collected on a Zetasizer Nano ZS light 
scattering instrument (Malvern Instruments, UK), equipped with a 4mW He-
Ne laser (emission 633nm). The Zetasizer instrument employs a noninvasive 
backscatter (NIBS) optics with a detection angle of 173°. The z-average 
diameter and the PDI are measured by the instrument using cumulative 
analysis thus the size particle measurements reported in this paper are the z-
average diameters. Samples for analysis were prepared in Mili-Q water at the 
same concentrations as those for the purpose of CMC measurements (eleven 
dilutions for each system). All measurements were carried out in tripliicate at 
25°C in a glass cell (10 mm path length).  
 
Transmission Electron Microscopy (TEM) 
TEM experiments were performed on a JEOL JEM-2100 transmission 
electron microscope operating at an acceleration voltage of 100 kV. A drop of 
the sample solution was spread on a carbon coated TEM copper grid and 
allowed to evaporate completely at room temperature for a period of 72 hours. 
Afterwards the samples were stained with ruthenium tetroxide. 
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Circular Dichroism (CD) 
Circular dichroism data was obtained on a Jasco J-815 CD 
Spectrophotometer  (ATA Scientific) using a quartz cuvette, 0.1 mm path 
length (Starna Pty. Ltd.). Wavelength scans were collected using a 1.0 nm 
bandwidth, 1.0 s averaging time, and an average of three accumulations for 
each sample. Spectra were not baseline corrected, and wavelengths were 
measured in the range of 250-190 nm. Samples were used directly without 
centrifugation and were prepared in Mili Q water. 
 
Least-Squares Analysis 
Least-squares analysis of CD spectra was performed with CD Spectra 
Analyser Plus software using the LINCOMB program [152-153]. 
 
6.3.2 Preparation of Solutions for CMC measurements 
 
The solutions for CMC measurements were prepared by dialysis in Mili 
Q water. Several masses of polymer were investigated until the highest 
concentration solution was achieved without precipitation.  
A polymer solution was first prepared in acetone and stirred over night 
at room temperature to ensure complete dissolution. To ensure no precipitates 
were present the acetone solutions were filtered using a scintillation funnel 
followed by in vacuo evaporation of the filtrate. The weight of the dehydrated 
filtrate was then measured. A decrease in mass would be indicative of 
precipitate formation and therefore evidential of a need for a lower 
concentration to be prepared. If no loss of mass was observed, the procedure 
was carried out again for confirmation.  
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When a precipitate free solution was confirmed the dehydrated polymer 
was resuspended in the original volume of acetone and 1 mL of Milli-Q water 
was added slowly drop-wise with gentle stirring. The resulting solution was 
added to dialysis tube and dialyzed against water for 3 days, changing the 
water at 24 hour intervals, to remove all traces of acetone. Final stock solution 
concentrations achieved this way were 2.1 x 10-3 g mL-1, 1.6 x 10-3 g mL-1, 1.00 
x 10-3 g mL-1and 1.06 x 10-3 g mL-1 for the BAB 1, BAB 8, BAB 10 and BAB 
19 respectively. 
For each of the four systems thirteen to fifteen diluted samples were 
prepared ranging in concentration from 2.1 x 10-3 to 4.2 x 10-6 g mL-1 for BAB 
1, 1.6 x 10-3 to 13.2 x 10-6 g mL-1 for BAB 8, from 1.00 x 10-3 to 1.00 x 10-7 g 
mL-1for BAB 10 and for BAB 19 from 1.06 x 10-3 to 2.10 x 10-6 g mL-1. 
The pyrene probe was prepared in a concentration of 6.0 x 10-5 M by 
dissolving 2 mg of pyrene in 200 ml acetone. 5 μl of probe was added to dry 
eppendorf tubes prewashed three time with ethanol. Following the addition of 
the probe the acetone was allowed to evaporate at RT overnight following the 
addition of copolymer solution. Each sample was made up to a total volume of 
500 μl to give a total pyrene probe concentration of 6.0 x 10-7 M. 
 
6.3.3 Preparation of Micellar Solutions for DLS and TEM 
studies 
 
To prepare 0.5 mg mL-1 aqueous micellar solutions of PBocLTrp-b-
PEG-b-PBocLTrp from acetone 1 mg of polymer was first dissolved in 1 mL 
of acetone and stirred over night at room temperature to ensure complete 
dissolution. 1 mL of Mili Q water (pH 6.9) was then added slowly drop wise to 
the solution to induce micellisation. The resulting solution was then added to a 
dialysis tube and suspended in Mili Q water (1 L). The solvent mixture was 
then dialysed against MiliQ for 3 days, changing the water at 24 hour intervals, 
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to remove all traces of acetone (confirmed by 1H NMR). This procedure was 
used for the preparation of BAB 1, BAB 8, BAB 10 and BAB 19. 
The same procedure was also employed for the preparation of micellar 
solutions of all four BAB copolymers from DMSO organic solvent after the 
substitution of acetone. 
 
6.3.4 Preparation of Solutions for CD measurements 
 
 Stock solutions in Mili Q water were prepared by dialysis at 
concentrations above each copolymer’s estimated CMC. Stock solutions of 4.6 
x 10-4 g mL-1, 1.31 x 10-3 g mL-1, 1.22 x 10-3 g mL-1 and 1.16 x 10-3 g mL-1 
were prepared for BAB 1, BAB 8, BAB 10 and BAB 19 respectively by first 
dissolving 9.2 x 10-4 g for BAB 1, 2.62 x 10-3 g for BAB 8, 2.44 x 10-3 g for 
BAB 10 and 2.32 x 10-3 g for BAB 19 in 1 mL of DMSO. 1 mL of Mili Q 
water was then added drop wise to the solution, the mixture was placed in a 
dialysis tube and dialysed against 1 L Mili Q water for 3 days to replace the 
entire volume of acetone with water. The dialysis water was changed at an 
interval of 24 hours, a total of 3 times. 
Although it was originally aimed to measure the CD spectra of the copolymers 
at the same molar concentration of amino acids above the CMC of all four 
systems, this was not possible due to the high concentration required for the 
larger copolymers which lead to their insolubility at such high concentrations.  
 Whilst the CD spectrum of BAB 1 was measured at the stock solution 
concentration multiple dilutions were required for the other three triblock 
copolymers in order to achieve good CD spectra. The CD spectra collected for 
BAB 8 was at a final concentration of 2.62 x 10-4 g mL-1, for BAB 10 at 1.53 x 
10-4 g mL-1 and for BAB 19 at 1.45 x 10-4 g mL-1. 
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6.4  Chapter 4 Experimental 
 
6.4.1  Equipment and Testing 
 
Critical Micelle Concentration (CMC) Fluorescence Study 
The same instrumentation and parameters as described in section 6.3.1 were 
used to record fluorescence spectra for all AB copolymer solutions. The Origin 
8.5 pro programme was used for curve plotting and fitting  the CMC data for 
all seven AB block copolymers, the Boltzman distribution sigmoidal fit 
function with the equation y = A2 + (A1-A2)/(1 + exp((x-x0)/dx)) being used 
for each curve. The respective values and standard errors for each copolymer 
are given in table 6.4. 
 
Table 6. 4 A1, A2, x0 and dx values and corresponding standard errors for AB 
1, AB 2, AB 3, AB 4, AB 5, AB 6 and AB 7. 
AB A1 Value 
A1 
Std. 
Error 
A2 
Value 
A2 
Std. 
Error 
x0 
Value 
x0 
Std. 
Error 
dx 
Value 
dx Std. 
Error 
AB 1 1.7780 0.0183 0.9336 0.0143 -4.1088 0.0165 0.1529 0.0154 
AB 2 1.8574 0.0418 1.0431 0.0204 -4.8969 0.0417 0.2103 0.0338 
AB 3 1.7569 0.0310 1.0969 0.0154 -5.4905 0.0445 0.2006 0.0376 
AB 4 1.7634 0.0338 1.1521 0.0216 -5.4130 0.0468 0.1176 0.0320 
AB 5 1.7301 0.0223 0.9194 0.0161 -4.3678 0.0287 0.1454 0.0211 
AB 6 1.8241 0.0954 0.9891 0.0327 -4.6886 0.0981 0.3168 0.0831 
AB 7 1.8166 0.0462 1.0065 0.0232 -4.9597 0.0468 0.2072 0.0441 
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Dynamic Light Scattering (DLS) 
All DLS measurements were collected on a Zetasizer Nano ZS light scattering 
instrument (Malvern Instruments, UK) utilising the same parameters as 
decribed in section 6.3.1 
 
Transmission Electron Microscopy (TEM) 
TEM experiments were performed on a JEOL JEM-2100 transmission electron 
microscope employing the same parameters as section 6.3.1. 
 
Circular Dichroism (CD) 
Circular dichroism data was obtained on a Jasco J-815 CD using the same 
parameters as shown in section 6.3.1. 
 
Least-Squares Analysis 
Least-squares analysis of CD spectra was performed with CD Spectra 
Analyser Plus software using the LINCOMB program [152-153]. 
 
6.4.2  Preparation of Solutions for CMC measurements 
 
Diblock copolymer solutions were prepared by dialysis from acetone 
using the same method as decribed in section 6.3.2. Final stock solution 
concentrations achieved this way were 9.40 x 10-4 g mL-1, 1.32 x 10-3 g mL-1, 
9.05 x 10-4 g mL-1and 1.25 x 10-3 g mL-1 for AB 1, AB 2, AB 3 and AB 4 
respectively.  
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For each of the four systems thirteen to fifteen diluted samples were 
prepared ranging in concentration from 9.40 x 10-4 to 1.88 x 10-6 g mL-1 for AB 
1, 1.32 x 10-3 to 4.30 x 10-6 g mL-1 for AB 2, from 9.05 x 10-4 to 4.50 x 10-7 g 
mL-1for AB 3 and from 1.25 x 10-3 to 6.25 x 10-7 g mL-1 for AB 4 
For AB5, AB 6 and AB 7 final stock concentrations were 1.45 x 10-3 g 
mL-1, 1.5 x 10-3 g mL-1 and 1.07 x 10-3 g mL-1 respectively. Dilutions between 
the concentrations of 1.45 x 10-3 and 2.90 x 10-6 g mL-1 for AB 5, 1.5 x 10-3 and 
3.0 x 10-6 g mL-1 for AB 6, 1.07 x 10-3 and 2.14 x 10-3 g mL-1 for AB 7 were 
prepared for CMC measurements. 
 
6.4.3 Preparation of Micellar Solutions for DLS and TEM 
studies 
 
To prepare 0.5 mg mL-1 aqueous micellar solutions of AB block 
copolymers 1 mg of PEG-b-PBocLTrp was first dissolved in 1 mL of DMSO 
and stirred over night at room temperature to ensure complete dissolution. To 
the inorganic solution 1 mL of Mili Q water was then added slowly prior to the 
addition of the solution to dialysis tubing and dialysis against Mili Q water for 
3 days as previously discussed in section 6.3.3. 
 
6.4.4 Preparation of Solutions for CD measurements 
 
Stock solutions in Mili Q water were prepared by dialysis from DMSO 
(as previously described in section 6.3.4) at concentrations above each 
copolymer’s estimated CMC. Stock solutions of 2.1 x 10-4 g mL-1, 3.7 x 10-4 g 
mL-1, 7.2 x 10-4 g mL-1 and 6.3 x 10-4 g mL-1 were prepared for AB 1, AB 2, 
AB 3 and AB 4 respectively 
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For AB 5, AB 6 and AB 7 stock solution of stock solutions of 4.9 x 10-4 
g mL-1, 5.4 x 10-4 g mL-1 and 8.1 x 10-4 g mL-1 were prepared respectively 
Again spectra could not be collected at the same amino acid molarity 
for all diblock copolymers due to precipitation and just as for the BAB 
copolymers (section 6.3.3) stock solutions of maximum concentrations were 
first prepared by dialysis using the same method as described for BAB 
copolymers. Several dilutions were required to achieve final concentrations of 
1.75 x 10-4 g mL-1 for AB 1, 5.28 x 10-5 g mL-1 for AB 2, 6.0 x 10-5 g mL-1 for 
AB 3 and 7.88 x 10-5 g mL-1 for AB 4. For AB 5 a final concentration of 1.23 x 
10-4 g mL-1 was used whilst for AB 6 and AB 7 concentrations of 1.08 x 10-4 g 
mL-1 and 1.32 x 10-4 g mL-1 were used respectively. 
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